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Post-translational modifications (PTMs) on histone proteins affect many essential 

biological processes. With the abundance of PTMs on histone proteins, these modifications 

can collectively work together to alter chromatin structure and impact gene expression in 

this complex system. Detection and understanding of these PTMs, as well as the enzymes 

that mediate them, can elucidate their biological outcomes and connection to pathogenesis. 

Mass spectrometry (MS) is a powerful tool that is most often used for identification and 

characterization of modification patterns, and it has greatly expanded the library of histone 

modifications. However, MS does require coupling to separation techniques, such as 

reversed-phase liquid chromatography and hydrophilic interaction chromatography, in 

order to reduce sample complexity and improve analysis. While chromatographic 

techniques have been widely used, multiple columns and long separation times are required 

for peptides that are more challenging to separate. For instance, methylation does not alter 

the charge of lysine residues; in addition, it introduces only subtle changes in size and 



 vii 

hydrophobicity. Recently, there has been an increasing interest in synthetic receptors that 

have affinity for lysine methylation. Such receptors include water-soluble calixarenes, 

cucurbiturils, and deep cavitands. Capillary electrophoresis (CE) is an extremely suitable 

separation method that can be combined with these synthetic receptors, which can be easily 

included in the separation buffer. In this work, we first developed a method to induce 

mobility shifts for methylated small guests and peptides. After combining the high 

resolving power of CE and the selective recognition of host molecules, separation of 

modified and unmodified peptides was achieved. This host-assisted CE method was able 

to discriminate between different lysine methylation levels; essentially, this enabled the 

monitoring of various PTM enzyme reactions, including demethylation, methylation, and 

phosphorylation. This technique has also demonstrated its capability for analysis of a 

crosstalk event in which a pre-existing histone modification can impact the activity of an 

enzyme for another PTM. Furthermore, there is potential of host-assisted CE to separate 

proteins with PTMs as well.   
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Chapter 1: Introduction 

1.1 Post-Translational Modifications on Histone Proteins 

Histone proteins can condense DNA into chromatin and form nucleosomes. In this 

structure, DNA is coiled around an octamer comprised of histones H2A, H2B, H3, and H4. 

Most modifications can occur on the histone tails although some can still appear in the 

globular portion. These modifications fall under one of the many classifications which 

include, but are not limited to: acetylation, methylation, phosphorylation, glycosylation, 

ubiquitylation, and lipidation. Most often, these modifications are facilitated by enzymes, 

which can act as “writers” to add or as “erasers” to remove post-translational modifications 

(PTMs).   

With the wide range of PTMs that can exist, their combinatorial pattern forms a 

histone code.1 Specifically, a single PTM does not act on its own; many PTMs 

synergistically or antagonistically work together in a signaling network. The histone codes 

can be interpreted either through direct impacts on the nucleosome or through effector 

modulation.2  These effector proteins contain reader domains, which recognize different 

modifications. Many protein modules, such as bromodomains,3 chromodomains,4–6 Tudor 

domains,7,8 and plant homeodomains (PHDs)9–11 have been reported to bind to specific 

histone marks.  The amount, the type, and the combination of these modifications modulate 

genes (i.e., gene activation or silencing), chromatin organization, and DNA replication, 

which highlights the importance of PTMs. Furthermore, the addition or removal of histone 

marks is correlated with neurodegenerative diseases,12,13 cancer,14 and cardiovascular 

diseases.15 
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Discovery and characterization of these PTMs is usually done via mass 

spectrometry,16,17 which has significantly expanded the library of known modifications. 

However, prior treatments such as separation or enrichment techniques are necessary to 

reduce the sample complexity, which can decrease ion suppression effects and improve 

identification of low abundance markers when using MS.18 Current methods include 

reversed-phase high performance liquid chromatography (RP-HPLC), immobilized metal 

affinity chromatography (IMAC), and hydrophilic interaction chromatography (HILIC). 

However, chromatography methods elicit long separation times as well as multiple 

dimensions,19 which can require complicated method development. Also, there are still 

limitations in the amount of coverage, and capillary electrophoresis is a highly efficient 

separation tool that can uncover additional PTMs.20 Two PTMs that are covered in this 

dissertation are lysine methylation and phosphorylation.  

1.1.1 Lysine Methylation  

 Like arginine methylation, lysine methylation is a unique PTM in which there can 

be multiple levels of methylation (Figure 1.1), each have different downstream biological 

effects. A lysine residue can be mono-, di-, or tri-methylated. Lysine methyltransferases 

transfer methyl groups from S-adensoyl-L-methioinine to the residue; on the other hand, 

lysine demethylases can reverse the reaction to remove the methyl group. There are many 

different site of methylation including lysine 4, 9, 27, 36, and 79 on histone H3 as well as 

lysine 20 in histone H4.4 Depending on the site and level of modification, there are different 

effects on gene control and relations to disease outcome, as lysine methylation has been 
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correlated with cancer.21 So the ease of identifying this modification is vital for disease 

diagnosis.   

 

Figure 1.1 The various methylation levels on lysine: no methylation, monomethylation, 

dimethylation, and trimethylation.  

 

1.1.2 Phosphorylation 

 Phosphorylation can occur on serine, threonine, or tyrosine residues. It is modulated 

by kinases that add a phosphoryl group and by phosphatases that remove one. These 

kinases require adenosine triphosphate to transfer a phosphate group to the amino acid. 

Phosphorylation can occur on serine 10 and 28 on histone H3 as well as on serine 1 in 

histone H4.4 Most focus has been on the phosphorylation of serine 10 and 28, which are 

both involved in chromosome condensation in mitotic events. Considering the biological 

impacts in gene activation and deactivation, it is highly important to identify these PTMs.  

 

1.2 Capillary Electrophoresis  

Capillary electrophoresis (CE) is an open-channel separation technique with a 

variety of applications in the analysis of numerous biological molecules. The technique 

employs a bare fused silica capillary with an inner diameter ranging from 25 μm to 150 
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μm. Injection of the small nanoliter sample is completed hydrodynamically or 

electrokinetically; hydrodynamic injection applies pressure differences while 

electrokinetic injection uses voltage. Upon high voltage application, each component in the 

sample plug can be separated based on size and charge. Each ion in the sample has its own 

apparent mobility, which can be calculated by the following:   

 μapp =

Ld
tm

⁄

V
Lt

⁄  
 

 

Equation 1.1 

 

Ld is the effective length measured from the inlet to the detection window, Lt is the total 

length from the inlet to the outlet of the capillary, tm is the migration time (i.e., the time the 

analyte takes to reach the detector), and V is the applied voltage during separation.  

Another key variable to consider in CE is the electroosmotic flow (EOF). When the 

inner capillary wall is exposed to the background electrolyte that has a pH above 

approximately four, the silanol groups become negatively charged. Cations from the 

running buffer can attach to the ionized silanol groups and form the double electrical layer 

comprised of a fixed layer and a diffuse layer. The bulk movement of the cations in the 

diffuse layer causes the EOF, which can be calculated by the following:  

 μeof =
εζ

4πη 
=  

Ld
tmarker

⁄

V/Lt
 

 

Equation 1.2 

 

 is the relative permittivity of the buffer,  is the zeta potential of the inner capillary wall, 

and  is the viscosity of the separation buffer. EOF can also be calculated using a similar 

equation for the apparent mobility with the exception that tmarker is the time of an internal 
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standard or reference marker that is unaffected by the EOF. Taking both the apparent 

mobility and the electroosmotic flow into account, each ion’s electrophoretic mobility 

value can be obtained with equation 1.3. 

 μem =  μapp −  μeof Equation 1.3 

In terms of the EOF, there have been numerous efforts to control or eliminate it by using 

various coating materials to cover the zeta potential on the capillary wall.22 The reasoning 

behind this is that analytes can adsorb to the negatively charged wall which affects the 

reproducibility of migration time, resolution, and peak shape. All these factors contribute 

to the efficiency of separation.  

When evaluating this efficiency, there are several variables to consider. In this 

dissertation, we determined the peak resolutions as well as the peak tailing factors to 

quantitate the value of our results. Peak resolution between two peaks is defined by the 

ratio of the migration time difference and the average width of those peaks, and tA is the 

migration time of peak A, tB is the migration time of peak B, and wb,avg is the average peak 

width of the two peaks at baseline.  

 
𝑅 =

𝑡𝐴 −  𝑡𝐵

𝑊𝑏,𝑎𝑣𝑔
 Equation 1.4 

The difference in migration time is a way to describe the distance between the peaks and 

exemplify how well separated they are. The peak width, on the other hand, characterizes 

band broadening effects. One main advantage in CE, when compared to liquid 

chromatography, is its flat flow profile as opposed to a parabolic one. This results in more 

narrow peaks as well as better resolution. In addition, we can also look at the peak tailing 

factor (as described in Equation 1.5), which can indicate adsorption to the wall or the effect 
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of a separation buffer additive. In this equation, tw is the distance in minutes between peak 

front and the center, and w5.0 is the peak width at 5% of peak height (min).  

 

 𝑡 =  
𝑤5.0

𝑡𝑤 ∙ 2
 Equation 1.5 

Capillary zone electrophoresis (CZE) is the fundamental mode in the suite of CE 

techniques. Based on this foundation, there have been numerous modes of CE techniques 

that have been developed over the years, such as micellar electrokinetic chromatography 

(MEKC), capillary gel electrophoresis, capillary isoelectric focusing, and capillary 

isotachophoresis. In CZE, the migration order is determined by the charge to size ratio: the 

most positive and smallest in hydrodynamic diameter reaches the detection window earlier 

and the most negative, smallest ion reaches the window last. Neutral analytes co-migrate 

together, regardless of size. Figure 1.2 represents the migration order of analytes that are  

 

Figure 1.2 Schematic of the separation order in capillary zone electrophoresis. 
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based on size and charge. In the later chapters of this thesis, we introduce a method we 

developed that has similar concepts to that of MEKC and affinity capillary electrophoresis 

(ACE), as described in the following sections.     

 

1.3 Micellar Electrokinetic Chromatography 

Building upon the fundamentals of CE, there is a diverse array of techniques 

customized for different purposes. MEKC is a common technique that employs a 

pseudostationary phase. When surfactants are included in the background electrolyte above 

their critical micellar concentration, the micelles act as a pseudostationary phase and 

analytes can partition between this and the aqueous phase.   

There is an assortment of surfactants that can be utilized for the separation of 

analytes via MEKC. Sodium dodecyl sulfate was the first surfactant used for MEKC,23 and 

it is also the most commonly used. The negative charge of SDS migrates towards the 

cathode at a slow velocity. In general, anions will migrate first due to electrostatic 

repulsions from the negatively charged SDS micelles. The neutral analytes will be 

separated based on their hydrophobicity. As mentioned earlier, neutral analytes co-migrate 

in CZE, so this is one desirable benefit in MEKC. Finally, the cations migrate the slowest 

due to electrostatic attraction. Of course, there are other variables to consider, such as the 

hydrophobicity of the charged analytes. Furthermore, this migration order will be different 

when using other surfactants. Besides SDS, common surfactants include positive (e.g., 

cetrimonium bromide and tetradecyltrimethylammonium bromide), non-ionic (e.g., Brij-
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35 and Tween 20), and zwitterionic (e.g., sulfobetaine) ones. Depending on the analytes 

and application, the most suitable surfactant can be chosen for separation in CE.  

 

Figure 1.3 Schematic of capillary zone electrophoresis (top) and dynamic equilibrium 

affinity capillary electrophoresis (bottom). EOF = electroosmotic flow and Δ is the 

change in migration time. 

 

1.4 Affinity Capillary Electrophoresis  

Based on a similar concept to that of MEKC, affinity capillary electrophoresis 

(ACE) is another method involving molecular interactions; in this case, it can be used to 

measure affinity constants between a receptor and a ligand. ACE can be used to study the 

kinetics of different interaction systems. In fact, it has been applied to study many 

biomolecular interactions such as protein-protein,24 protein-peptide,25 DNA-protein,26,27 

and antibody-antigen28 interactions. There are different derivative methods of ACE in order 

to study these interactions: non-equilibrium capillary electrophoresis of equilibrium 

mixtures (NECEEM),29 dynamic-equilibrium ACE,30 partial filling ACE,31 frontal analysis 
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ACE (FA-ACE), ACE with immobilization,32 and vacancy ACE (VACE).33 Mainly, ACE 

falls under two categories: free solution and immobilized modes. The two prominent modes 

under free solution ACE include dynamic-equilibrium and pre-equilibrium ACE. In 

dynamic-equilibrium ACE, the receptor is in the sample and the ligand is dissolved in the 

running buffer or vice versa (Figure 1.3). There is a retardation in the electrophoretic 

mobility of the analyte due to formation of the complex. In pre-equilibrium ACE, the 

receptor and the ligand are pre-incubated in the sample before injection into the capillary 

and this applied is to slow kinetic interactions. In ACE with immobilization, the receptor 

can be attached to the wall or to a material on the wall while the ligand is injected as a 

sample. This mode is primarily for pre-concentration in order to purify or capture the 

analyte. The disadvantage of the immobilized mode is that it could change the structure 

and functionality of the attached receptor, which could ultimately affect the binding affinity 

to the analyte.  

1.5 Synthetic Receptors  

 Synthetic receptors can be used in dynamic-equilibrium ACE to interact with and 

separate peptides and proteins with PTMs. Several macrocycles have been reported to have 

binding to PTMs including calixarenes, cucurbiturils, resorcinarenes,34–36 and 

cyclophanes.37 They have been used in multiple techniques such as chemical sensors,34,38–

40 separation tools,41–43 and surface plasmon resonance spectroscopy;44–50 they have also 

been used in the analysis of metal-ion binding,51,52 PTMs,39,42,53 fatty acids,54 steroids,38 

and enzymes.55 The main driving force for complexation of synthetic receptors with 

targeted guests is the hydrophobic effect in which there is expulsion of high-energy water 
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molecules from the cavity of the host.56–58 The subsequent chapters in this dissertation 

focus on three synthetic receptors that are able to selectively discriminate different lysine 

methylation levels: calixarenes, cucurbiturils, and deep cavitands (Figure 1.4). 

 

Figure 1.4 Structures of synthetic receptors: p-sulfonatocalix[4]arene 1, p-

sulfonatocalix[6]arene 2, p-sulfonatocalix[8]arene 3, tetracarboxylate cavitand 4, neutral 

cavitand 5 with imidazolyl feet, neutral cavitand 6 with pyridyl feet, and cucurbit[n]urils 

7.  

 

1.5.1 Calixarenes  

 Calixarene molecules have a chalice-like shape that can hold small ions and 

molecules. Out of the existing calixarene molecules in the literature, there has been a 

growing use of p-sulfonatocalix[n]arenes (n = 4, 6, and 8), in particular. They are quite 

useful in techniques requiring biological conditions due to their high solubility in water. 

Calixarene molecules have been used to study methylated lysine residues,59,60  and they are 

able to discriminate between the different methylation levels.60 In fact, p-
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sulfonatocalix[4]arene macrocycles were able to disrupt the binding of the PHD finger, a 

binding motif, on the chromodomain helicase DNA-binding protein 4 to a 12-amino acid 

H3K9me3 peptide.61 Binding can occur due to the cation-π interactions between the 

positively charged methyllysine and the hydrophobic cavity of calixarene.  

1.5.2 Cucurbiturils  

 Cucurbiturils also have affinity for lysine methylation and have preferential binding 

to higher methylation levels62 although it can also bind to aromatic residues phenylalanine, 

tyrosine, and tryptophan.63 These molecules have been involved in numerous studies on 

drug delivery64 and imaging.65,66 They are composed of glycoluril units linked by 

methylene bridges. Their size can be tuned based on the number of these units; 

cucurbit[n]urils, where n = 5, 6, 7, 8, or 10, have mainly been reported in publications. In 

comparison to calixarene and resorcinarene hosts, cucurbiturils have portals on the two 

entrances of the molecule. The carbonyl groups can form ion-dipole interactions with their 

cationic targets.  

1.5.3 Deep Cavitands  

 Resorcinarenes are a type of calixarene. Moran et al. created the term “cavitand” to 

describe rigid, methylene-bridged resorcinarene molecules. It has been exemplified that 

cavitands can bind to different modifications such as lysine methylation34,35 and arginine 

citrullination.36 The cavitands synthesized by the Hooley group have been used in 

fluorescent sensors34,35 as well as supported lipid bilayers,45,46 and they have demonstrated 

a wide range in target diversity. Liu et al. was not only able to distinguish between peptides 

with different methylation levels but peptides with other modifications, such as acetylation 
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and phosphorylation; furthermore, they were able to differentiate peptides of varying 

lengths and with different site of modification using cavitands in a sensor.67 

 

1.6 Host-Assisted Capillary Electrophoresis  

This dissertation provides a method to separate histone modifications, which can 

help in studying the interactions between them. Our group has developed a host-assisted 

CE method,42 akin to MEKC and ACE, based on the affinity between synthetic receptors 

and their methyllysine targets, and we were able to apply it to several enzyme assays 

involving a single modification, competing modifications, and inhibitory molecules. We 

used calixarene, cucurbituril, and cavitand hosts in the background electrolyte to induce a 

mobility shift and improve the resolution between analyte peaks. The combination of the 

high resolution in CE and the selectivity of synthetic hosts creates a powerful separation 

tool to study PTMs, their modulators, and the factors that affect them.  
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Chapter 2: Separation of Methylated Histone Peptides via Host-Assisted Capillary 

Electrophoresis 

2.1 Introduction 

 Post-translational modifications on proteins, including phosphorylation, 

acetylation, ubiquitination, and methylation, greatly expand the structural and function 

diversity of the proteome. PTMs impact almost all dynamic cellular processes, and 

monitoring PTM changes in biological systems is important in determining the regulation 

mechanisms of cellular signaling networks. Although great effort has been invested in 

improving PTM identification, it remains challenging due to their large variety in 

modification type and location.1 While mass spectrometry is powerful for recognizing 

different modifications on peptides, prior separation is essential to reduce sample 

complexity and resolve modified proteins or peptides from the unmodified forms. 

Chromatographic methods, such as reversed-phase liquid chromatography (RPLC),2 ion 

exchange chromatography (IEC), and hydrophilic interaction chromatography (HILIC),3 

have been developed for analyzing PTMs that effect distinguishable changes in charge, 

Mw, and hydrophobicity of the proteins or peptides. However, for PTMs that induce small 

overall changes, long separation times, multiple separation dimensions,4 and extensive 

method optimization are typically required. An example of a common, yet challenging 

modification to detect is lysine methylation. Histone lysine modifications have been linked 

to gene activation and silencing, and they affect cell function, signaling pathways, playing 

important roles in disease development.5,6 The modification occurs at different levels: 

mono-, di-, and tri-methylations can be found on different sites within histones, and occur 
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at both lysine and arginine residues. Methylation does not change the overall charge of the 

residue, conferring only small changes in peptide size and hydrophobicity. Thus, 

discrimination between each methylation level and different methylation sites is 

challenging. More selective recognition of these modified side chains is required to 

improve the resolution of different types of PTMs and reduce the complexity in separation 

methods. 

 Antibodies are often used as the recognition units for peptide PTMs,7,8 but they can 

be costly and time consuming to develop. Individual antibodies are often specific to only 

one state of modification,9 and they are also subject to cross-reactivity.10 Native receptors 

for PTMs have also been reported, such as the heterochromatin protein 1 (HP1) that can 

bind to methylated histone peptides with low dissociation constants.11 These high affinity, 

high Mw binders are useful in PTM enrichment, but are not effective tools for column 

separation of diverse PTMs, because their high affinity significantly reduces column 

efficiency. 

 Synthetic receptors are attractive alternatives for PTM recognition, as they are more 

accessible than antibodies. Synthetic receptors such as cyclodextrins12–14 and crown 

ethers15 have been applied in chromatography and capillary electrophoresis (CE) for 

separation of chemically similar small molecules. CE is ideally suited to the application of 

synthetic receptors, as it only requires simple addition of the receptors to the separation 

media and different receptors can be easily employed. The high resolving power of CE can 

work in tandem with the recognition event, effecting improved PTM separation even if the 

receptor does not provide sufficient discrimination among targets with similar structures 
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by itself. Here, we explore the possibility of using synthetic receptors to improve the 

separation by CE of PTM peptide targets variably methylated at lysine residues (Figure 

2.1a). Although CE has been used in the analysis of PTMs such as phosphorylation16 and 

acetylation,17 it has not yet been capable of separating methylated and nonmethylated 

peptides in the absence of additives.  

 

Figure 2.1 a) Representation of the host-assisted CE process. b) Structures of the hosts 

and guests used in this study; minimized structures of the c) 4•CX4 and 4•CB7 

complexes, illustrating the host:guest interactions (SPARTAN, AM1 forcefield).  
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 Synthetic receptors of various types are effective for the molecular recognition of 

methylation lysine residues. Examples include calixarenes,8,18–21 cucurbiturils,22–24  

cyclophanes,25–28 and deep cavitands.29–31 The molecular recognition events are well-

studied, and the receptors have been applied for selective sensing of histone 

modifications30,32 as well as in supramolecular tandem assays.31,33–36 However, the 

application of synthetic receptors to improve separation of methylated peptides from the 

unmethylated counterparts is rare, and often requires tethering of the host to the capillary.8 

Covalent attachment of the receptors to solid supports introduces synthetic challenges, and 

some hosts (especially cucurbiturils) are challenging to derivatize.37 As CE only requires 

addition of the host to the running buffer, we were able to test simple, underivatized hosts 

for the process. We chose tetrasulfonatocalix[4]arene (CX4), hexasulfonatocalix[6]arene 

(CX6) and cucurbit[7]uril (CB7) in our study, because they are highly water-soluble and 

contain both a hydrophobic cavity with fixed size and an electron rich upper rim (Figure 

2.1b). These hosts were capable of selective, varied molecular recognition of small 

molecule fluorophores and histone peptides in CE, and CE methods were developed for 

successful separation of methylated histone peptides that carry different methylation states 

and sites.  

 

2.2 Materials and Methods 

2.2.1 General  

All samples and separation buffers were made using ultrapure water (18 MΩ) that 

was obtained from a Direct-Q Water Purification System (Millipore Sigma, Billerica, MA). 
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Fluorophores 1-4 were synthesized according to literature procedures.29,38 4-

Tetrasulfonatocalix[4]arene and cucurbit[7]uril hydrate were purchased from Sigma-

Aldrich (St. Louis, MO). 4-Hexasulfonatocalix[6]arene hydrate was purchased from Alfa 

Aesar (Tewksbury, MA, USA). Lyophilized histone K27 peptides were purchased from 

AnaSpec, Inc. (Fremont, CA). The sequence is ARTKQTAR-K(mex)-STGGKAPRKQLA 

(x = 0, 1, 2, 3). The peptide had either non-, mono-, di-, or trimethylation. Custom labeled 

nonmethylated and trimethylated histone K9 peptides were purchased from United 

Biochemical Research, Inc. (Seattle, WA). The sequence of each peptide is FITC-Ahx-

AAR-K(mex)-SAPY-COOH (x = 0 ,3). 

UV/vis spectra were obtained with a Varian, Inc. Cary 50 UV-Vis 

Spectrophotometer from Agilent Technologies (Santa Clara, CA, USA). The absorbance 

of 3 µM host solutions were measured in a Quartz Spectrophotometer Cell (100 µL, 10 

mm, Z = 15 mm) from Starna Cells, Inc. (Atascadero, CA, USA).   

2.2.2 Separation of Small Guests and Fluorescently Labeled H3K27 Peptides 

The CE experiments on the fluorescent guests were carried out using a homemade 

instrument equipped with a 488-nm excitation Argon Ion laser (Melles Griot Laser Group, 

Carlsbad, CA) for laser-induced fluorescence (LIF) detection. Separation power was 

provided by a TriSep 2100 HV voltage supplier (Unimicro Technologies, Pleasonton, CA). 

Bare fused-silica capillaries (50 μm i.d., 365 μm o.d.) were purchased from Polymicro 

Technologies (Phoenix, Arizona). The running buffer was 20 mM phosphate buffer, pH 

7.4, with or without the synthetic hosts. The capillary was flushed prior to each separation 

with 0.1 M NaOH, ultrapure H2O, and running buffer using a syringe pump. Samples were 
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injected via gravity pressure. Electrophoresis was driven by an electric field of 250 V/cm 

with positive polarity. The effective length of the capillary was 45 cm. Electropherograms 

were acquired using PeakSimple Chromatography Software (SRI Instruments, Torrance, 

CA). Riboflavin was included as the internal standard for the small guest study. In the 

peptide study, fluorescein was used as an internal standard in CE-LIF.  

2.2.3 Separation of Methylated H3 Peptides in a Coated Capillary 

The separation of the non-fluorescently labeled, methylated peptides was 

performed in a polyvinyl alcohol (PVA)-coated capillary (50 μm inner diameter, 365 μm 

outer diameter) from Agilent Technologies (Santa Clara, CA). DMSO was included in the 

sample as an internal standard. Separation was conducted on an Agilent 7100 CE system 

with a UV absorption detector. Samples were introduced into the PVA capillary (50 μm 

inner diameter, 365 μm outer diameter, with an effective length of 35 cm) with a 50 mbar 

injection for 5s. Separation was driven by an electric field of 571 V/cm with positive 

polarity and 5 mbar of pressure. Prior to each day’s experiment, the capillary was flushed 

with 10 mM phosphoric acid and H2O. Data was acquired via ChemStation (Agilent 

Technologies, Santa Clara, CA).   

2.2.4 Lysine Demethylation Assay  

The demethylation assay was performed using the custom labeled trimethylated 

peptide, FITC-Ahx-AAR-K(me3)-SAPY-COOH, and human recombinant demethylase 

KDM6B (Reaction Biology Corp., Malvern, PA). Two μM of the FITC-labeled H3K27me3 

peptide was incubated with 1 μM KDM6B at room temperature in the reaction buffer (20 

mM Tris-HCl, pH 7.4, 100 mM NaCl, 20 μM (NH4)2Fe(SO4)2·6(H2O), 50 μM α-
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ketoglutaric acid, 500 μM ascorbate) with or without 1 μM 2,4-pyridinedicarboxylic acid 

(Cayman Chemical, Ann Arbor, Michigan). The reaction mixture was injected into the bare 

fused-silica capillary (50 μm inner diameter, 365 μm outer diameter) at time intervals 

between 0 and 9 hours. The running buffer was 50 μM CX4 in 20 mM phosphate buffer, 

pH 7.4.  

Another demethylation assay was performed using an unlabeled H3K27me3 (23-

34) histone peptide purchased from AnaSpec, Inc. (Fremont, CA, USA). The peptide has 

the sequence, KAAR-K(Me3)-SAPATGG. Human recombinant demethylase KDM6B was 

purchased from Reaction Biology Corp., Malvern, PA, USA). 4 μM H3K27me3 peptide 

was incubated with 1.6 μM KDM6B at room temperature in the reaction buffer (50 mM 

Tris-HCl, pH 7.4, 100 mM NaCl, 6 μM (NH4)2Fe(SO4)2·6(H2O), 50 μM α-ketoglutaric 

acid, 500 μM ascorbate). The reaction mixture was quenched with formic acid (final, 

0.1%). MALDI spectra were obtained with a TOF/TOF 5800 System from AB Sciex 

(Framingham, MA, USA) on a 96-well MALDI plate insert.   

A third demethylation assay was performed using a H3K9me3 (1-21) histone 

peptide purchased from AnaSpec, Inc. (Fremont, CA, USA). The peptide has the sequence 

ARTKQTAR - K(Me3) - STGGKAPRKQLA. Jumonji domain containing 2E (JMJD2E) 

and its inhibitor 2,4-dicarboxypyridine (2,4-PDCA) were purchased from Cayman 

Chemical (Ann Arbor, MI, USA). 50 μM H3K27me3 peptide was incubated with 5 μM 

KDM6B at room temperature in the reaction buffer (50 mM Tris-HCl, pH 7.4, 100 μM 

(NH4)2Fe(SO4)2·6(H2O), 500 μM α-ketoglutaric acid, 5 mM ascorbate) with or without 150 

µM 2,4-PDCA. The reaction mixture was stopped by incubating in boiling water for 5 
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minutes before analysis on MALDI while the reaction mixture was injected in situ for 

analysis on CE. MALDI spectra were obtained with a TOF/TOF 5800 System from AB 

Sciex (Framingham, MA, USA) on a 96-well MALDI plate insert.   

2.2.5 Isothermal Titration Calorimetry Measurements 

All ITC experiments were performed using a MicroCal iTC200 (GE Healthcare, 

Freiburg, Germany) with a stirring rate of 700 rpm. The baseline was stabilized prior to the 

experiment and a preinjection delay was set to 60 s. The first injection was 0.4 µL while 

the remaining injections were 2.43 µL, performed every 180s.  The reference power was 

set to 5 μcal/sec. The syringe concentration was 1 mM while the cell concentration was 0.1 

mM. All experiments were conducted at 25 °C. Curve fitting was done on Origin using the 

standard one site model provided by MicroCal. The standard one site model uses the 

following equation:  

 
∆𝑄(𝑖) = 𝑄(𝑖) +  

𝑑𝑉𝑖

𝑉0
[
𝑄(𝑖) + 𝑄(𝑖 − 1)

2
] − 𝑄(𝑖 − 1) Equation 2.1 

where Q(i) is the total heat content at the end of the ith injection, dVi is the volume at the 

ith injection, and Vo is the active cell volume.  

2.2.6 Mobility, Affinity, and Resolution Calculation  

All mobilities in the following text are the electrophoretic mobility after EOF 

adjustment using the following equation: 

 
𝜇 =

𝐿𝑡𝑥 𝐿𝑑

𝑉
(

1

𝑡𝐺
−

1

𝑡𝐼𝑆
) Equation 2.2 

with Lt = total length of the capillary, Ld = length of the capillary from the inlet to the 

detection window, V = voltage, tG = migration time of the guest, and tIS = migration time 



28 

 

of the internal standard. Binding constants were calculated as reported in affinity CE, using 

the Hill Equation (Equation 2.3), with n being the Hill coefficient for measurement of the 

guest’s binding cooperativity:39–41 

 

(µ𝑖 − µ0) =
(µ𝑚𝑎𝑥 −  µ0)[𝐿]𝑛

𝐾𝑑 + [𝐿]𝑛
 Equation 2.3 

 

The percent change in mobility, %Δμ, was calculated for each host molecule via the 

following equation: 

 %𝛥𝜇 =  
𝜇𝑖 −  𝜇0

𝜇0
 Equation 2.4 

with μ0 being the mobility without the host and μi being the mobility with the host at one 

concentration in the running buffer. 

The resolution of two adjacent peaks was calculated with the equation:  

 
𝑅 =  

𝑡1 − 𝑡2

1
2 (𝑤1 + 𝑤2)

 Equation 2.5  

 

where t1 is the time of peak 1, t2 is the time of peak 2, w1 is the width of peak 1, and w2 is 

the width of peak 2.   

 

2.3 Results and Discussion  

2.3.1 Analysis of Binding with Small Guests 

We initially determined the effectiveness of the three hosts in binding and 

separating small molecules that varied only in methylation state. Fluorophores 1-4 (Fig. 

2.1b) were used as the model compounds to allow simple detection of the separation event:  
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Figure 2.2 Absorbance spectra of 3 µM CX4, CX6, and CB7 in water.  

 

 

guests 1-429,38 were synthesized in 2 or 3 steps from commercial materials, and the 

fluorescein label permitted LIF detection eliminating the problem of high background UV 

absorption with increasing host concentration in the background electrolyte (BGE) (Figure 

2.2). The three host molecules, CX4, CX6 and CB7 are all capable of molecular 

recognition of substituted ammonium species, although their affinities and selectivities are 

somewhat different. The bowl-shaped, highly anionic CX4 exploits charge matching 

cation-π interaction with the guest for maximal affinity. CX6 has a larger cavity, but is far 

more flexible, whereas CB7 is extremely rigid, and relies on a combination of hydrophobic  

interactions, London Dispersion forces and self-complementary hydrogen bonding at the 

upper rim to maximize selectivity.19,22 Their selectivity for the various N-methylated states  

of lysine is limited, however, as the affinities for K, Kme1, Kme2 and Kme3 are quite 

similar.42–44 The best targets for CB7 is N-terminal phenylalanine residues,45–47 and 

functionalized derivatives of CX4 are most effective at selective recognition of N-
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methylated lysines, rather than CX4 itself.8,18–21,32 CX4  shows millimolar affinity for 

lysine at in buffered PBS at neutral pH,48 as does CB7,36,44 whereas the more flexible CX6 

favors larger substrates such as arginine, although the affinity for ammonium groups is 

~10-fold less than that of CX4.48 

 

 

Figure 2.3 a) Small molecule separation via Host-Assisted CE. b) Separation of a small 

methylated guest mixture in 0 μM host vs. 50 μM CX4 and CX6. [unmethylated guest 1] 

= 25 nM, [monomethylated guest 2] = 50 nM, [dimethylated guest 3] = 100 nM, 

[trimethylated guest 4] =
 200 nM. c) Separation of a small methylated guest mixture in 0 

μM vs. 50 μM CB7 (detected by UV absorption detector). [1] = 50 µM, [2] = 100 µM, 

[3] = 200 µM, [4] =
 500 µM. d) Mobility shift of the small trimethylated guest as more 

CX4 is added to the BGE. RBF = 10 µM riboflavin, FL = 50 nM fluorescein, [4] = 50 

nM.  
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Table 2.1: Mobility changes and dissociation constants for guest fluorophores in the 

hostsa 

a For mobility change (%), each host was kept at 50 µM for separation of the small guest 

mixture. With CX4 or CX6 in the BGE, [unmethylated guest 1] = 25 nM, [monomethylated 

guest 2] = 50 nM, [dimethylated guest 3] = 100 nM, [trimethylated guest 4] = 200 nM. With 

CB7 in the BGE, [1] = 50 µM, [2] = 100 µM, [3] = 200 µM, [4] = 500 µM. BGE = Host in 

20 mM sodium phosphate buffer, pH 7.4. Mobility change and guest affinity results are 

averages of 2-3 replicate measurements. Hill coefficient and fitting R2 were reported in 

Table 2.2 in Supporting Information. 

 

To evaluate the binding between each host and the methylated guests, we employed 

affinity CE by putting the host in the BGE and monitored the migration of the guest (Figure 

2.3a). Adding the hosts to the BGE may change the electroosmotic flow (EOF) by altering 

the charge density of the capillary wall (if the host is adsorbed onto the wall), as well as 

varying the viscosity of the BGE. Thus, the neutral dye riboflavin (RBF) was used as an  

internal standard (IS) to determine any changes in EOF. We also added a second IS, 

fluorescein (FL), to confirm that the label had no specific binding to the host. The resultant 

electropherograms with 50 μM host in the BGE are shown in Figures 2.3b,c. The guest 

molecules carry net negative charges at pH 7.4 as they all migrate later than the neutral 

Mobility Change, %  Guest Affinity 

Guest CX4 CX6 CB7  Complex Kd, μM 

1 -6.4 1.8 5.7  2•CX4 299±30 

2 9.8 -1.8 4.5  3•CX4 192±7 

3 -9.2 -15.2 14.5  4•CX4 100±30 

4 -26.0 -54.4 16.0  4•CX6 135±21 

     4•CB7 51±4 
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marker. In the absence of host, 2 and 4 were not resolved at all, and neither were 1 and 3 

(the small peak in between the two overlapped peaks was from impurity in the samples). 

The addition of CX4 and CX6 to the BGE caused the mobility for all methylated guests to 

become more negative (Table 2.1), due to the interaction between the guest and the multi-

anionic hosts. The charge increase exceeds the increase in size, leading to an overall 

increase in the charge-to-size ratio. Interestingly, CB7 in the BGE reduces the net mobility  

of each guest, presumably because the CB7-guest complex has a larger hydration size than 

the guest itself but with no additional charges.  The delay in the migration time of the 

neutral marker also implied a reduction in the EOF with an increase in [CB7]. We also tried 

to measure the binding affinity using the more conventional method of isothermal titration 

calorimetry (ITC). However, the small molecule-host binding released very small amounts 

of heat, making accurate measurement difficult. Still, for the binding between CX4 and 

guest 3 and 4, the averaged Kd values obtained (157 µM and 125 µM for 3 and 4, 

respectively) were comparable to what measured by CE (Table 2.2, Figure 2.4). 

Furthermore, we can determine the Hill coefficients, which indicate positive cooperativity 

in this circumstance. These results highlight the advantage of using CE for measurement 

of binding between small molecules and synthetic hosts. 

The elution order of the four small guests is dependent on their relative affinity to 

the host in the BGE. The guest that binds to the host with the highest affinity should exhibit 

the largest change in mobility. For all hosts, the trimethylated guest 4 exhibited the largest 

mobility shift among the guest molecules, indicating the strongest affinity to the hosts. To 
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find the binding affinity, the mobility shifts (Δμ) of the methylated guest induced by 

varying host concentrations in the BGE were measured (Figure 2.3d and Figure 2.5 – 2.9) 

  

Table 2.2: Summary of small guest curve fitting results for small molecular guests 

binding to the receptors 

Guest:Host Kd (CE) n R2 Kd (ITC) 

FITC-Me1 : CX4 299 ± 30 μM  1.6 0.998 Not detected 

FITC-Me2 : CX4 192 ± 7 μM 2.5 0.989 157 μM 

FITC-Me3 : CX4 100 ± 30 μM 1.7 0.995 125 μM 

FITC-Me3 : CB7 51 ± 4 μM  2.0 0.949 Not measured 

FITC-Me3 : CX6 135 ± 21 μM 1.7 0.998 Not measured 

 

 

 

Figure 2.4 Isothermal calorimetry titration curves of guests 4 (left) and 3 (right) with 

CX4. 
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and plotted vs. [host]. The resultant binding curves were fit with equation 2.3 to allow 

calculation of dissociation constant Kd for the host:guest complexes (Table 2.1, Figure 2.5-

2.9). The non-methylated guest 1 did not show a consistent change in its mobility with any  

 

Figure 2.5 A plot of Δµ vs. [CX4] for guest 4. Each data point consists of triplicate 

measurements.  

 

 

Figure 2.6 a) Mobility shift of the small dimethylated guest 3 as more CX4 is added to 

the BGE (20 mM sodium phosphate buffer, pH 7.4). RBF = 10 µM riboflavin, FL = 50 

nM fluorescein, [3] = 50 nM. b) A plot of Δµ vs. [CX4] for guest 3. Each data point 

consists of triplicate measurements. 
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Figure 2.7  a) Mobility shift of the small monomethylated guest 2 as more CX4 is added 

to the BGE (20 mM sodium phosphate buffer, pH 7.4). RBF = 10 µM riboflavin, FL = 50 

nM fluorescein, [2] = 50 nM. b) A plot of Δµ vs. [CX4] for guest 2. Each data point 

consists of triplicate measurements. 

 

 

 

 

Figure 2.8 a) Mobility shift of the small trimethylated 4 guest as more CX6 is added to 

the BGE (20 mM sodium phosphate buffer, pH 7.4). RBF = 10 µM riboflavin, [1] = 50 

nM, [4] = 50 nM. b) A plot of Δµ vs. [CX6] for guests 4 and 1. Each data point consists 

of triplicate measurements. 
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Figure 2.9 a) Mobility shift of the small trimethylated guest 4 as more CB7 is added to the 

BGE (20 mM sodium phosphate buffer, pH 7.4). 0.1% DMSO, [1] = 50 nM, [4] = 50 nM. 

b) A plot of Δµ vs. [CB7] for guests 4 and 1. Each data point consists of triplicate 

measurements. 

 

of the host, indicating no binding, thus no Kd was obtained. There is a two-fold variation 

in affinity between guests 2-4 in CX4: the greater the methylation level of the guest, the 

stronger the affinity for the host, which is consistent with other binding affinity 

studies.11,49,50 While the affinity of 4 with CX4 increased by one fold compared to that of 

3, the difference in the Kd values between 3 and 2 is smaller, about 50%. Addition of the 

third methyl group significantly enhances the binding between the methylated lysine guests 

and the receptors. Higher resolution separation of 4 from 3 or 2 was possible than for the 

guests with lower methylation levels. The affinities of the trimethylated fluorophore 4 vary 

between the different hosts. The more flexible CX6 displays a lower affinity for 4, whereas 

the more effective host CB7 binds 4 most strongly (Kd = 51 ± 4 μM), consistent with 

literature reports for similar species.22 
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Figure 2.10 a) Methylated peptide separation via Host-Assisted CE. Mobility shift of the 

labeled H3K27me3 peptide with increasing b) [CX4], c) [CX6] and d) [CB7]. FL = 

fluorescein as the internal standard. The sequences of the H3K27 peptides are (FITC-

Ahx)-AARK(me0/3)SAPY. [peptide] = 0.5 μM. 
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2.3.2 Analysis of Binding With Trimethylated Peptides 

The differential binding and separation of the control fluorophores with varying 

methylation states at N is encouraging and indicates the potential of host-assisted CE for 

the separation of variably methylated histone peptides. We next analyzed the binding 

between the four hosts and a trimethylated Histone H3K27 peptide (Figure 2.10a). A 

fluorescent H3K27(me3) peptide, N-terminally labeled with fluorescein and an 

aminohexanoate spacer (FITC-Ahx) was used as target to allow LIF detection, minimizing 

the background signal from the hosts in BGE. The unmethylated H3K27 peptide equivalent 

(H3Kme0) was used as a control. Both cationic peptides migrated faster in the BGE than 

the anionic fluorescein internal standard. In the absence of any host, the two peptides (0.5 

µM) were barely separated (Figure 2.10b). Increasing CX4 concentration in the BGE 

extended the migration time of the trimethylated peptide significantly, while the mobility 

of the unmethylated peptide was essentially unchanged. The mobility change of labeled 

H3K27(me3) is 64%, with [CX4] = 50 µM, which is more than two times of the 26% 

decrease of 4 in CX4. The resolution (R) value between the H3K27(me0) and H3K27(me3)  

was as large as 4.4 at this host concentration (Table 2.3). Plotting the mobility shift curve  

against the host concentration and fitting to equation 2.3 (Figure 2.11) showed that the 

affinity of the H3K27(me3) peptide for CX4 was higher than that of 4, with Kd = 48 ± 7 

μM (Table 2.4). In contrast, the nonmethylated H3K27 peptide did not exhibit a sigmoidal 

relationship between the mobility shift and host concentration, indicating no affinity with 

CX4 (Figure 2.11). 
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Table 2.3 Resolution of various guest and peptide peaks with different hosts in the 

background electrolyte   

 

Guest/Peptide 

Pair 

0 µM 

CX4 

50 µM 

CX4 

0 µM 

CX6 

50 µM 

CX6 

0 µM 

CB7 

50 µM 

CB7 

1/3, 2/4 2.42 

 

2.42 

 

2.00 

 
2,1  1.25  0.85  5.62 

1,3 

 

3.69  1.97 

 

2.85 

3,4 

 

2.41  4.98 

 

4.97 

H3K27me0, 

H3K27me3 

0.15 4.40 0.15 26.47 0.63 2.65 

 

Table 2.4: Dissociation constants of labeled H3K27(me3) when bound to the various 

hostsa 

Host Kd, μM n R2 

CX4 48.0 ± 7.0 1.3 0.995 

CX6 17.7 ± 4.2 1.4 0.999 

CB7 5.5 ± 0.7 1.0 0.956 

 

a[H3K27(me3)] = 0.5 µM in CX4 and CX6 BGE. 100 µM H3K27(me3) in CB7 BGE. Host 

in 20 mM sodium phosphate buffer, pH 7.4. Results are averages of triplicate 

measurements.  
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Figure 2.11 Plot of Δµ vs. [CX4] for labeled H3K27me3 and H3K27me0. Each data point 

consists of triplicate measurements. 

 

Figure 2.12 a) Mobility shift of labeled H3K27me3 as more CX6 is added to the BGE 

(20 mM sodium phosphate buffer, pH 7.4). [H3K27me3] = [H3K27me0] = 100 µM, FL = 

50 nM fluorescein. b) A plot of Δµ vs. [CX6] for labeled H3K27me3 and H3K27me0. 

Each data point consists of triplicate measurements. 

 

The other hosts were even more effective at binding the H3K27(me3) peptide 

(Table 2.4, Figures 2.12-2.13). CB7 was the strongest host, with Kd = 5.5 ± 0.7 μM, and 

CX6 was a better host than CX4, with Kd = 17.7 ± 4.2 μM. Interestingly, the migration 

order between H3K27(me3) and H3K27 varied with the type of guest. Both of the 
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sulfonated calixarene hosts are anionic, causing the calixarene-peptide complex to have a 

more negative electrophoretic mobility than the free peptide, and migrate slower. In 

contrast, the neutral cucurbituril effects an increase in overall size upon binding with no 

global change in charge difference, resulting in a less negative electrophoretic mobility and 

a faster elution time for the host-peptide complex. However, CB7 can adsorb to the silica 

wall and reduce the EOF. With high concentrations (>100 µM) of CB7 in the BGE (Figure 

2.13), the EOF drops significantly and increases the elution time for all analytes, which 

contributes to peak broadening, lowering the column efficiency. The anionic calixarenes 

do not adhere to the anionic silica wall, and as such effect minimal EOF change even at 

high concentrations. Again, the affinity values reported in Table 2.4 were confirmed by 

ITC measurement (Figure 2.14, Table 2.5), which consumed much more peptides than the 

CE method.  

 

Figure 2.13 a) Mobility shift of labeled H3K27me3 as more CB7 is added to the BGE 

(20 mM sodium phosphate buffer, pH 7.4). 0.1% DMSO, [H3K27me3] = [H3K27me0] = 

100 µM. b) A plot of Δµ vs. [CB7] for labeled H3K27me3 and H3K27me0. Each data 

point consists of triplicate measurements. 
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Figure 2.14 ITC titration curves for labeled H3K27(me3) and hosts, CX4, CX6, and 

CB7.  

 

Table 2.5 Affinities between receptors and labeled H3K27(me3) peptides measured by 

ITC 

 

Host Kd, μM by ITC 

CX4 70.0 

CX6 11.7 

CB7 33.0 

 

2.3.3 Separation of Peptides with Different Methylation Levels 

The host-assisted CE process was highly effective for separation of trimethylated 

and unmethylated peptides. The more challenging and desirable task is to separate PTM 

peptides with only slightly different methylation states (i.e. 0, 1, 2 and 3) (Figure 2.15a). 

We extended the separation process to four peptides based on the H3K9me sequence, with  
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Figure 2.15 a) Separation of H3K9 peptides with varying methylation levels. b) Mobility 

shifts of the labeled H3K9me0-3 peptide mixture with increasing [CX4]; c) Mobility shifts 

of the labeled H3K9me0-3 peptide mixture with increasing [CX6] and [CB7]. 0.1% 

DMSO as internal standard, [peptide] = 50 μM.  

 

no N-terminal fluorophore and varying K9 methylation levels (0-3), which were more 

representative of the peptides accessible from biological samples than the fluorescently 

labeled peptides used previously. These peptides were larger than the K27 counterparts, 

consisting of 21 amino acid residues with a Mw ~ 2.2 - 2.3 kDa and a pI of 12.14. These 

longer peptides are more basic, and as such, a polyvinyl alcohol (PVA) coated capillary 

was employed to prevent adsorption of the highly cationic peptides.17,51,52 Since the EOF 
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was almost zero in this coated capillary, hydrodynamic pressure (5 mbar), was applied in 

addition to the electric field to ensure reasonable separation times for the peptide-host 

complex.  

As shown in Figure 2.15b and c, all four K9 peptides ([peptide] = 50 μM) show 

identical mobilities in the absence of any host in the BGE. Since the K9 peptides are larger 

in size, a Mw difference of 14 Da does not induce sufficient change in the electrophoretic 

mobility between different methylation levels for effective separation. In the presence of 

50 μM CX4 in the BGE, all four peptides could be efficiently separated (Figure 2.15b), 

with longer elution times being observed as the methylation state increases: H3K9me0 

eluted first, and H3K9me3 last, indicating increased affinity of the higher methylation states 

to the host. Identity of each peak was confirmed by spiking the individual peptide to the 

mixture and observing increase in the peak area (Figure 2.16). The resolution between 

H3K9me0 and H3K9me1 was better than that between H3K9me2 and H3K9me3 (Table 2.6). 

CX4 absorbs at 214 nm, thus a relatively higher peptide concentration of 100 µM was 

injected here (compared to 0.5 µM in the separation with the LIF detector) to overcome 

background signal. Each peptide peak displayed a sharp front and a tailing end, which is 

induced by the mobility difference between the peptide and the host-peptide complex. For 

peptides that diffuse out of the sample zone at the front boundary, binding to the host in 

the BGE slowed down their migration, and thus the peptide is pushed back to the sample 

zone, forming a sharp peak front. For the peptide diffusing out at the back boundary, 

binding slowed it down, leading to peak tailing. 
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Figure 2.16 Spiked with standard peptides to confirm peak identity in peptide separation 

using a) CX4, b) CX6, and c) CB7. 
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Table 2.6 Resolution of the H3K9(me0-3) peptides in the presence of hostsa 

 

 

 

 

 

a 100 µM H3K9(me0-3) injected into 20 mM sodium phosphate buffer, pH 7.4, [host] = 50 

μM. Results are averages of duplicate measurements. See equation 2.5 for resolution 

definition. 

 

 

Figure 2.17 a) Host-assisted CE as a KDM6B demethylase assay. b) Separation of 

demethylated product H3K27(me2) and H3K27(me3) substrate after enzyme reaction for 

various times. c) Inhibitor assay: [H3K27(me2)]/[ H3K27(me3)] versus time in the 

presence and absence of 1 μM 2,4-PDCA inhibitor, electropherograms shown in Figure 

S10. 

Peptide Peaks CX4 CX6 CB7 

H3K9me0/me1 1.88 2.83 0 

H3K9me1/me2 1.72 2.42 0 

H3K9me2/me3 1.06 1.85 0.72 
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We also evaluated separation with the other two hosts, keeping the peptide and host 

concentrations at 50 μM, and separated under the same hydrodynamic pressure of 5 mbar 

and an electric field of 571 V/cm. CX6 effected the same migration order of the four 

H3K9(me0-3) peptides as did CX4, but with better resolution (Figure 2.15c, Table 2.6). The 

broad peak for H3K9(me1) is large due to overlap with the neutral marker. In contrast, CB7 

was a less effective additive, and only the trimethylated peptide H3K9(me3) was separated 

from the mixture (Figure 2.15c), and even then, with a lower resolution of 0.72 (Table 2.6). 

This is unfortunate, as CB7 is ideally suited to UV detection due to its minimal absorbance 

at 214nm. As such, there are no background issues even if high host concentrations are 

added to the BGE.  

The good separation with CX4 and CX6 is mainly due to charge changes upon 

binding. As the H3K9(me0-3) peptides are larger than the control fluorophores and H3K27 

peptides, the change in overall size upon binding with the hosts is relatively small. In the 

case of CB7, which only effects a change in size and not charge, the host had less impact 

on peptide mobility upon binding, and, at 50 μM, it could not resolve the peptides with 

lower methylation levels.  

2.3.4 Enzyme Assay 

As the host-assisted CE method could effectively separate peptides of varying 

methylation level, it is a valuable tool for studying the function of methylation-related 

enzymes and screening enzyme effectors or inhibitors. To demonstrate this, we applied the 

CE method to evaluate the activity of KDM6B, a demethylase selective for methylated 

H3K27 peptides (Figure 2.17a). This enzyme reduces the trimethylated H3K27 peptide to 
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the demethylated, monomethylated and unmethylated states53 in the presence of α-

ketoglutarate and Fe2+ cofactors. Figure 2.17b shows the assay process for the 

demethylation of 2 μM H3K27(me3) with 1 μM KDM6B, 50 μM α-ketoglutarate, 500 μM 

ascorbate, and 20 μM Fe2+ in 20 mM tris buffer, pH 7.4. Aliquots were extracted at hourly 

time points, and subjected to host-assisted CE, with 50 μM CX4 in the BGE. Fluorescence 

monitoring prevents interference from the other reaction components and can 

unambiguously detect the peptide substrate and the corresponding products. As time 

increased, the H3K27(me3) substrate was consumed and a single product appeared (Fig. 

2.17b). MALDI-MS analysis revealed that the product is dimethylated (Figure 2.18). This 

demethylase seemed not particularly efficient: a reaction time longer than 5 hours led to 

only 20% turnover ratio, and only the dimethylated product was produced. Nevertheless, 

we could use this method to analyze the effect of a demethylase inhibitor, 2,4-

pyridinedicarboxylic acid (2,4-PDCA), which is an inhibitor for several JmjC domain-

containing enzymes. It targets the active site for iron on α-ketoglutarate, one of the 

cofactors important in demethylation.53 Starting at the 3 hour data point, the area ratio of 

product to substrate decreased with the presence of 2,4-PDCA, indicating reduction of 

enzyme activity under the action of the inhibitor (Figures 2.17c, 2.19 and Table 2.7). 

To prove that our method can also monitor reactions on unlabeled peptides, we 

applied it to evaluate the demethylation reaction catalyzed by JMJD2E on the non-

fluorescently labeled H3K9me3 as that used in Fig. 2.20. The non-label substrate would be 

more representative to the peptides obtained from biological samples, and it allows us to  
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Figure 2.18 MALDI TOF/TOF spectra of substrate H3K27(me3) and product 

H3K27(me2) after demethylase enzyme reaction.  

 

 

Figure 2.19 Separation of demethylated product H3K27(me2) and H3K27(me3) substrate 

after enzyme reaction for various times in the presence of 1 μM 2,4-PDCA inhibitor. 

Detection was carried out by the home-built laser induced fluorescence (LIF) system. 
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Table 2.7: Effect of demethylase inhibitor 2,4-PDCA on the demethylation reaction, 

monitored by host-assisted CE  

Time, h 

Product Ratio, 

0 μM PDCAb 

Product Ratio, 

1 μM PDCAb 

0 0.003 ± 0.002 0.014± 0.016 

1 0.085 ± 0.017 0.116 ± 0.016 

3 0.304 ± 0.026 0.264 ± 0.016 

5 0.552 ± 0.026 0.366 ± 0.015 

7 0.797 ± 0.025 0.433 ± 0.007 

9 1.091 ± 0.043 0.487 ± 0.018 

a 2 μM H3K27(me3) incubated with 1 M μM KDM6B, 50 μM α-ketoglutarate, 500 μM 

ascorbate, and 20 μM Fe2+ in 20 mM tris buffer, pH 7.4, 100 mM NaCl. Results are 

averages of duplicate measurements. Electropherograms shown in Figure S12, Supporting 

Information. 

 

spike in standard peptides to confirm the identities of the product peaks. A higher substrate 

concentration of 50 μM was needed to permit UV detection, along with higher enzyme (5 

μM JMJD2E) and co-factor concentrations (500 μM α-ketoglutarate, 5 mM ascorbate, and 

100 μM Fe2+). CE analysis was carried out at the discrete reaction time points of 0, 20, 60, 

and 120 min, with 50 μM CX4 in the BGE. The electropherograms measured at λabs = 214 

nm showed that the peak of H3K9(me3) decreased dramatically at 20 min, with the 

appearance of some unresolved product peaks in the region where the peptides with lower  

methylation levels should locate (Fig. 2.20a). As the reaction went on, the products became 

better resolved: a clear product peak was observed at reaction duration of 60 min, which 

decreased with the next 60-min reaction and produced another peak at earlier elution time.  
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Figure 2.20 Analysis of the demethylation reaction of H3K9me3 catalyzed by JMJD2E. 

a) Electropherograms collected at multiple reaction time points, with blank being the 

reaction mixture without addition of enzyme and peptide substrate, and t = 0 min being 

H3K9me2

H3K9me1

H3K9me3

H3K9me0

b)

-me-me

-me-me

-me-me

d)c)

Product peak

H3K9me3

H3K9me2
H3K9me1

t = 0 min

t = 20 min

t = 60 min

t = 120 min

Enzyme-

bound

H3K9me3 ?
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the mixture containing the peptide substrate but not enzyme. b) Analysis of the reaction 

mixture at t = 120 min spiked with H3K9me3, H3K9me2, H3K9me1, and H3K9me0, 

consecutively for peak identification. The resolution got worse when more peptides were 

added to the sample due to column overloading. c) MALDI TOF/TOF spectra of 

substrate H3K9me3 and products of H3K9me1-2 after demethylase enzyme reaction. d) 

Analysis of reaction mixtures collected at 20 or 60 min. reaction duration with or without 

the presence of 1 μM 2,4-PDCA inhibitor. Separation was carried out in the Agilent CE 

system with UV detection at λ = 214 nm. 

 

Spiking the standard peptides of H3K9(me0-3) to the reaction mixture obtained at 120 min 

helped to confirm the identity of each peak (Fig. 2.20b). The changes occurred in the 

reaction were also confirmed by MALDI-MS (Fig. 2.20c). With the addition of 2,4-PDCA, 

obvious inhibition of the enzyme activity took place and no product generation was 

observed at reaction duration of either 20 or 60 min (Fig. 2.20d). It is interesting to notice 

that the electropherograms obtained at 20-min reaction duration had one additional peak 

showing up after adding the enzyme to the reaction mixture, which disappeared if the 

inhibitor was added (Fig. 2.20d). This peak may indicate the complex formed between the 

enzyme and the peptide substrate which was disrupted by the addition of 2,4-PDCA. More 

investigation should be performed on the enzyme reaction to reveal the full power of our 

method in functional study of methylation enzymes.  

The above results support that our method is capable of monitoring enzyme 

reactions and assessing enzyme activities with either the fluorescently labeled peptides or 

native peptides. Fluorescence detection is preferred because the peptides (both substrate 

and products) could be detected unambiguously without interference from other 

components in the reaction mixture.  
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2.4 Conclusions 

Here, we have shown that capillary electrophoresis is an effective method of 

separating post-translationally modified histone peptides with only small variations in 

structure, when combined with a suitable host molecule in the background electrolyte. 

Even for large, 21-amino acid peptide substrates, the small physical change induced by the 

addition of only one methyl group to a single lysine residue can be separated. Selective 

molecular recognition events between calixarene and cucurbituril hosts confer varying 

changes in size and charge to the peptides. The combination of both molecular recognition 

and CE magnifies the efficiency of both techniques, allowing high separation efficiency, 

despite the minimal changes in peptide structure upon modification. Host-assisted CE is 

fast and consumes a minimal amount of reagents and samples. It is also versatile, as 

changing the separation medium is simple, and a library of hosts can be applied with no 

need for covalent attachment to capillary wall surfaces. All these features make host-

assisted CE an ideal tool for separation and purification of modified peptides that are 

challenging to isolate with conventional methods. The host-assisted CE method can also 

be applied to monitor enzyme reactivity, which is advantageous due to the small sample 

consumption of CE, and continuous sampling which saves on samples and time. Future 

work in our laboratories will focus on coupling the host-assisted CE with MS to permit 

analysis of methylated peptides in more complex mixtures. Examination of protein 

methylation can then be carried out in biological samples such as cells and tissues for better 

understanding of the functions of these PTMs.  
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Chapter 3: Monitoring Lysine Methyltransferase and Kinase Activity with Host-

Assisted Capillary Electrophoresis  

3.1 Introduction 

Post-translational modifications (PTMs) on proteins greatly increase their diversity 

by changing the structures, properties, and interactions, leading to substantial effects on 

activity. There are various PTM classifications including phosphorylation, methylation, 

glycosylation, and ubiquitylation. While PTMs can occur on all proteins, the ones on 

histone proteins that condense DNA into chromatin can affect gene expression. These 

PTMs are important epigenetic factors to regulate cellular functions like development, 

differentiation, proliferation, and apoptosis. They also respond to different stimuli, leading 

to altered biological processes and development of pathological conditions. Therefore, 

monitoring PTM changes in cells is essential for better understanding of the regulation 

mechanisms of cellular processes.  

PTMs are controlled by modification enzymes, which can act as “writers” to add 

the specific PTM or as “erasers” to remove it. Furthermore, the activity of PTM enzymes 

can be affected by pre-existing modification sites nearby, termed crosstalk. In crosstalk 

events, one PTM can directly interfere with or enhance the addition of another mark located 

within the same histone tail1 or another histone protein,2,3 leading to downstream effects in 

chromatin regulation and structure as well as potential disease outcomes. To elucidate cross 

talk events, we can compare the activity of enzymes on substrates with or without other 

modifications.  
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Current methods for monitoring enzymatic activity include spectrophotometric4,5 

and radiometric6–8 techniques; however, there can be overlap in product and other signals 

or safety concerns about radioactive waste.  It is also difficult to use these techniques to 

inspect competition between the peptide substrates with or without other modifications in 

a mixture and detect modification on one of them. Separation techniques that can resolve 

the peptides with different PTMs are suitable studying PTM crosstalk. In particular, 

capillary electrophoresis (CE) has been widely applied in study of enzyme activity,9 

because of its low sample consumption, real-time reaction monitoring, and possibility to 

be operated in a high-throughput manner. More importantly, its high resolving power is 

essential in the context of PTMs conferring only small changes in hydrophobicity, size, 

and charge. CE has been used for separation of peptides in a simpler setting (i.e., single 

modification, such as phosphorylation or methylation);10–12 however, it is still challenging 

to separate substrates from products with multiple modifications. Therefore, a separation 

additive is necessary for improved resolution. 

Synthetic receptors can be included in CE, because of their quick on-and-off 

binding rate, lower molecular weight than protein receptors, and good water solubility. 

With understanding of their interaction with guest molecules, their structures can be 

designed to improve binding strength and selectivity; and they can be synthesized with low 

cost in large scales. These features are beneficial for obtaining high separation efficiency 

with simple and low-expense operation. Several supramolecular host molecules, including 

calixarenes,12–14 cucurbiturils,15 and cavitands,16–18 have shown selectivity for PTMs like 

methylation and phosphorylation, which can be exploited to improve CE-based PTM 
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analysis. While phosphorylation changes the charge of the peptide, it is more challenging 

for CE to resolve peptides carrying methylation which only adds one to three methyl groups 

without charge alteration.  

In the previous chapter, we successfully developed the host-assisted CE methods 

that employed 4-tetrasulfonatocalix[4]arene (CX4), 4-hexasulfonatocalix[6]arene (CX6), 

or cucurbit[7]uril (CB7) in the running buffer of CE to separate peptides with various 

degrees of lysine methylation. We also briefly demonstrated that, this method can be 

applied to study the activity of methylation enzymes, using histone demethylases as the 

example. In this study, we demonstrated that the host-assisted CE method can be applied 

to analyze enzyme crosstalk in one-pot reaction by simultaneously monitoring the changes 

on the peptides with or without the pre-existing modification. Using a capillary coated in-

house with linear polyacrylamide (LPA) and fluorescently labeled peptides synthesized in 

the lab, we proved that the host-assisted CE method could resolve the peptides carrying 

multiple modifications. The activities of G9a methyltransferase or Aurora B kinase, which 

have been reported to be involved in crosstalk events,19–22 were examined at the presence 

of an antagonistic modification on the adjacent residue, revealing the effect of 

phosphorylation on methyltransferase activity and vice versa.  

 

3.2 Materials and Methods  

3.2.1 General 

All samples and separation buffers were made using ultrapure water (18 MΩ) from 

a Direct-Q Water Purification System (Millipore Sigma, Billerica, MA). α-Lactalbumin, 
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lysozyme, cytochrome c, hemoglobin, 4-tetrasulfonatocalix[4]arene, cucurbit[7]uril 

hydrate, 3-(trimethoxysilyl)propyl methacrylate, acrylamide, ammonium persulfate, α-

cyano-4-hydroxycinnamic acid (α-CHCA), adenosine 5′-triphosphate disodium salt 

hydrate, s-(5′-adenosyl)-L-methionine (SAM) chloride dihydrochloride, and magnesium 

chloride hexahydrate were purchased from Sigma-Aldrich (St. Louis, MO). 4-

Hexasulfonatocalix[6]arene hydrate was purchased from Alfa Aesar (Tewksbury, MA). 

5(6)-Carboxyfluorescein was purchased from ACROS Organics (Morris Plains, NJ). All 

9-fluorenylmethyloxycarbonyl-protected amino acids were purchased from AAPPTec 

(Louisville, KY) except for Fmoc-N--dimethyl-L-lysine hydrochloride (ChemPep Inc., 

Wellington, FL) and N-α-Fmoc-O-benzyl-L-phosphoserine (Millipore Sigma, Billerica, 

MA). Lyophilized, non-labeled histone K9 peptides were purchased from AnaSpec, Inc. 

(Fremont, CA). The sequence is ARTKQTAR-K(mex)-STGGKAPRKQLA (x = 0, 1, 2, 3). 

3.2.2 Capillary Electrophoresis 

Separation of non-fluorescent peptides was conducted on an Agilent 7100 CE 

system with a UV-visible diode-array detector. Data were acquired via ChemStation 

(Agilent Technologies, Santa Clara, CA). Samples were introduced into the LPA-coated 

capillary (50 μm inner diameter, 365 μm outer diameter, with an effective length of 26.5 

cm) with a 50 mbar injection for 5 s. Separation was driven by an electric field of 571 V/cm 

with positive polarity. Separation experiments of fluorescently labeled peptides were 

performed using a Beckman Coulter ProteomeLab PA 800 (Beckman Coulter, Fullerton, 

CA) with a laser-induced fluorescence detector (λexc = 488 nm, λem = 520 nm). Samples 

were introduced into the LPA-coated capillary (50 μm inner diameter, 365 μm outer 
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diameter, with an effective length of 20 cm) with a 0.5 psi injection for 5 s. Separation was 

driven by an electric field of 662 V/cm with positive polarity. Data were acquired via 

32Karat and analyzed via OriginPro 8.6.  

3.2.3 Preparation of the Linear Polyacrylamide Coating 

Bare fused-silica capillaries (50 μm i.d., 365 μm o.d.) were purchased from 

Polymicro Technologies (Phoenix, Arizona). The inner wall of the bare fused silica 

capillary was coated with linear polyacrylamide based on a protocol from Zhu et al.23 with 

several modifications, described as following. The mixture of acrylamide and ammonium 

persulfate was degassed under the vacuum and flushed through the capillary with nitrogen. 

The sealed capillary was then incubated in an oven at 50 °C for 30 minutes. After rinsing 

excess reagents with water, the capillary was dried with nitrogen and stored at room 

temperature. The tip of the capillary was not etched.  

3.2.4 Separation Performance on Linear Polyacrylamide-Coated Capillary 

Non-fluorescent peptides were separated on an Agilent 7100 CE system with a UV-

visible diode-array detector. Data were acquired via ChemStation (Agilent Technologies, 

Santa Clara, CA). Samples were introduced into an LPA-coated capillary (50 μm inner 

diameter, 365 μm outer diameter, with an effective length of 26.5 cm) with a 50 mbar 

injection for 5 s. Separation was driven by an electric field of 571 V/cm with positive 

polarity. 

3.2.5 Synthesis and Purification of 11-Amino Acid Peptides 

Amino acids were sequenced using Peptide Synthesizer CSBio CS336H on FMOC-

rink amide MBHA resin. UHPLC was performed on a Dionex system: UltiMate 3000 
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pump and variable wavelength detector. A C-18 reversed phase column (5 μm diameter, 

100 Å, 250 × 21.2 mm) was used. Solvent A was 0.1% TFA in water and solvent B was 

0.1% TFA in acetonitrile when using the gradient solvent system: solvent B (0−40%) in 

solvent A from the 0- to 7-minute mark at a flow rate of 3.0 mL/ min, solvent B (40−75%) 

in solvent A from 7- to 30-minute mark at a flow rate of 8.0 mL/min, and solvent B (75-

100%) in solvent A from the 30- to 40-minute mark at a flow rate of 15.0 mL/min. Data 

acquisition was completed on the Chromeleon 7.2 Chromatography Data System software. 

Fractions were collected with a Dionex UltiMate 3000 Automated Fraction Collector. The 

mass of each peptide was determined using MALDI-TOF MS. 0.5 L of each fraction and 

2.5 L of matrix (saturated -CHCA in a 1:1 ratio of acetonitrile and 0.1% formic acid in 

water) were mixed before spotting each sample on a stainless steel Opti-TOF 96-target 

plate. Each spot was left to dry before introduction into the mass spectrometer. MS spectra 

were acquired in a positive reflector mode using the AB Sciex 5800 TOF/TOF proteomics 

analyzer. Solvent from the peptide fractions was then removed, and samples were 

lyophilized.  

3.2.6 Enzyme Activity and Inhibition Assays  

The lysine methyltransferase assay was carried out using synthesized and 

fluorescently labeled peptides: H3 (1-11) peptide with sequence FAM-ARTKQTARKST 

and H3S10p with sequence FAM-ARTKQTARK-pS-T. Ten μM of FAM-labeled H3 (1-

11), FAM-labeled H3S10p, or a mixture of the two was incubated with 0.25 μM human 

recombinant G9a protein (Sigma-Aldrich, St. Louis, MO) in the reaction buffer (500 μM 

SAM, 0.1 Mg2+ in 20 mM tris pH 9.0) at room temperature. The reaction mixture was 
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injected in situ into the LPA-coated capillary (50 μm inner diameter, 365 μm outer 

diameter) at time intervals between 0 and 3 hours. The separation buffer was 2 μM CX6 

for labeled H3 (1-11) and 10 μM CX6 for labeled H3S10p in 10 mM phosphate buffer, pH 

7.4.  

The kinase assay was carried out using synthesized and fluorescently labeled 

peptides: H3 (1-11) peptide with sequence FAM-ARTKQTARKST and H3K9me2 with 

sequence FAM-ARTKQTAR-K(me2)-ST. Ten μM of FAM-labeled H3 (1-11), FAM-

labeled H3K9me2, or a mixture of the two was incubated with 0.01 μg/μL Aurora B kinase 

(Sigma-Aldrich, St. Louis, MO) in the reaction buffer (20 μM ATP, 0.1 Mg2+ in 20 mM 

tris pH 7.4) at room temperature. For the peptide mixture, 0.005 μg/μL Aurora B was used 

for 3 hours instead. The reaction mixture was injected in situ into the LPA-coated capillary 

(50 μm inner diameter, 365 μm outer diameter) at time intervals between 0 and 4 hours. 

The separation buffer was 2 μM CX6 in 10 mM phosphate buffer, pH 7.4. A parallel 

inhibitor experiment was performed with 2.5 nM AZD1152-hydroxyquinazoline pyrazol 

anilide (Sigma-Aldrich, St. Louis, MO), 10 μM FAM-labeled H3 (1-11), and 0.005 μg/μL 

Aurora B kinase in the reaction buffer (20 μM ATP, 0.1 Mg2+ in 20 mM tris pH 7.4) at 

room temperature. 

3.2.7 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 

Analysis  

The enzymatic assays were performed as described above. Aliquots were removed 

and deactivated by direct addition to the matrix solution. The matrix solution was prepared 

to form a saturated solution with α-cyano-4-hydroxycinnamic acid (CHCA) in a 1:1 ratio 

https://pubchem.ncbi.nlm.nih.gov/compound/hydroxyquinazoline
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of acetonitrile and 0.1% formic acid. A 1:1 ratio of matrix and sample was spotted on a 

stainless steel Opti-TOF 96-target plate and left to dry before inserting into the mass 

spectrometer. MS spectra were acquired in positive reflector mode using the AB Sciex 

5800 TOF/TOF proteomics analyzer with laser irradiation at a repetition frequency of 1000 

Hz.  

3.2.8 Calculations 

The tailing factor (t) was calculated with the following equation:  

 𝑡 =  
𝑤5.0

𝑡𝑤 ∙ 2
 Equation 3.1 

 

where w5.0 = peak width at 5% of peak height (min.) and tw = distance (min.) between peak 

front and peak center. 

In order to assess the separation performance, the resolution (R) was calculated 

with the following equation:  

 
𝑅 =

2 (𝑡2 − 𝑡1)

𝑤1 + 𝑤2
 Equation 3.2 

where t1 and t2 are the migration times of peaks 1 and 2, respectively. Furthermore, w1 and 

w2 are the base peak widths of peaks 1 and 2, respectively.  

 

3.3 Results and Discussion   

3.3.1 Enzymes of Interest and Their Peptide Substrates 

The present work focused on G9a and Aurora B kinase, which exhibit PTM 

crosstalk activities. G9a is a histone methyltransferase that has primarily been studied for 
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its role in embryonic stem cell differentiation,24 but it is also correlated with metastatic 

cancer when overexpressed.25 The enzyme’s activity is dependent on the SET domain, 

which uses SAM as the source of a methyl group26 to dimethylate lysine 9 and lysine 27. 

In order for methylation to proceed on lysine 9, G9a requires at least the following amino 

acid sequence: TARKSTG.22 It has been revealed that phosphorylation on serine 10 can 

reduce the activity of G9a to methylate lysine 9.19,22  

On the other hand, a nearby methylated lysine residue can impact phosphorylation 

on serine, which can occur during catalysis by Aurora B kinase. This protein involved in 

the regulation of mitosis events27 during which it can phosphorylate serine 10 and serine 

28. Dimethylation on lysine 9 can have an antagonistic effect on the activity of Aurora B 

kinase.18,19  Other residues like arginine at position 8 are vital for its activity as well, which 

is affected if lysine 9, threonine 11, and lysine 14 are substituted with alanine.28 Aurora B 

has an important role in the regulation of kinetochore to microtubule attachment,29 so 

inhibition of it can interfere with this process. Both G9a and Aurora B kinase can act on 

histone proteins but on more than one residue; therefore, we employed histone peptides as 

the enzyme substrates. Furthermore, the targeted sequence includes lysine 9 and serine 10, 

both of which are involved in crosstalk events with G9a and Aurora B kinase. In order to 

study the crosstalk for these two enzymes, it is demanded to separate the methylated 

peptides with or without phosphorylation, and the phosphorylated peptides with or without 

methylation.  The host assisted-CE method we reported previously should then be further 

developed to accommodate such needs.  



69 

 

We chose to synthesize the peptides for the flexibility in placing multiple 

modifications at different amino acid sites; however, the yield is limited by the peptide 

length. A minimum of seven amino acids is required for the G9a substrate22 while a 

minimum of ten amino acids is required for the Aurora B kinase substrate;28 thus, we 

synthesized peptides with 11 amino acids that included the target residues, lysine 9 and 

serine 10 (Table 3.1). Furthermore, we fluorescently labeled the peptides to improve 

detection sensitivity. However, the labeling molecule carboxyfluorescein (FAM) is 

comprised of a mixture of both isomers, 5-FAM and 6-FAM, in order to reduce the cost; 

these cannot be seen in the MALDI spectrum due to them bearing the same molecular 

weight (Figure 3.1), but CE can resolve the two isomers. Nevertheless, four peptide 

substrates for the two selected enzymes could be subjects in an enzyme crosstalk study. 

 

Table 3.1  Peptide sequences of FAM-labeled H3 (1-11) peptides 

Peptide Sequence 

H3K9me0 FAM-ARTKQTARKST 

H3K9me2 FAM-ARTKQTAR-K(me2)-ST 

H3K9me0S10p FAM-ARTKQTARK-pS-T 

H3K9me2S10p FAM-ARTKQTAR-K(me2)-pS-T 

 



70 

 

 

Figure 3.1 Purity of each peptide shown in (a) a CE electropherogram and (b) a MALDI 

spectrum. 

3.3.2 Capillary Coating to Prevent Peptide Adsorption  

The selected targets of the model enzymes, G9a and Aurora B kinase, are histone 

peptides. Many histone peptides have isoelectric points typically in the range of 10 to 12. 

In neutral running buffers, they carry positive charges and can be easily adsorbed to the 

negatively charged silanol groups via electrostatic attraction, which makes it necessary to 

coat the wall to prevent peak distortion and sample loss. In addition, a capillary coating 

can minimize fluctuation in electroosmotic flow (EOF), which could be induced by 

adsorption of the added host molecules. Covering the capillary wall can produce more 

reproducible migration for accurate analyte identification and quantification, which are 

required for enzyme assays. Coatings can either be dynamic or permanent. Dynamic 

coating requires the addition of coating materials to the running buffer, which also 

contains the synthetic hosts in our host-assisted CE method. This would make the buffer 

system complicated and reduce repeatability of separation. Therefore, we chose the 

permanent coating approach in our work.  
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In the previous chapter, we used the commercially available, pre-cut capillary 

coated by polyvinyl alcohol (PVA), which reduced peptide adsorption to the capillary wall 

and yielded satisfactory resolution of the histone peptides with varied methylation. 

However, the batch-to-batch reproducibility of the commercially available capillaries is 

not controllable. Thus, we carried out an in-lab coating of the capillaries using linear 

polyacrylamide (LPA) in the present work. Like PVA coating, LPA is neutral and 

hydrophilic, and it prevents adsorption of both cationic peptides and hydrophobic synthetic 

hosts. Various buffers, including solvents with surfactants,30 can be used in LPA-coated 

capillaries. Like PVA-coated capillaries, LPA-coated capillaries are compatible with 

buffers in a wide pH range, inclusive of pH 10 and below.  These features make the LPA-

coated capillaries compatible with diverse synthetic hosts—specifically, the calixarene- 

and cucurbituril-based hosts used in our work. 

 
Figure 3.2 Separation of a standard protein mixture in an LPA-coated capillary. C = 

cytochrome c, L = lysozyme, α = α-lactalbumin, and H = hemoglobin. [Protein] = 0.25 

mg/mL, background electrolyte = 50 mM phosphate buffer, pH 2.8. 
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Table 3.2 Average migration times, peak areas, and tailing factors (triplicate 

measurements) for standard proteins in linear polyacrylamide (LPA)-coated capillaries 

 

Protein 

Migration Time  

(min) 

Peak Area  

(mAU x min) 

Tailing Factor 

Average RSD (%) Average RSD (%) Average RSD (%) 

Cytochrome 

c 

3.72 1.2 62.9 0.6 4.1 0.3 

Lysozyme 4.11 1.2 154.8 2.2 2.4 0.2 

α-

lactalbumin 

4.73 1.3 77.8 1.6 1.9 0.1 

Hemoglobin 5.28 1.5 39.0 6.2 2.2 0.1 

 

We adopted the protocol reported by Dovichi’s group to produce the LPA-coated 

capillaries.23 In this protocol, 3-(trimethoxysilyl)propyl methacrylate, a bifunctional linker 

solution was injected into the capillary in order to activate the silanol groups for  

crosslinking with the polymer. Subsequently, the acrylamide monomer and ammonium 

persulfate initiator were introduced. Catalysts, such as tetramethylethylenediamine, can be 

used to promote polymerization. We used heat to catalyze the reaction, because the 

procedure is simpler and produces more consistent polymerization throughout the length 

of the capillary. To test the effectiveness of the coating, we injected a set of standard 

proteins ranging in pKa values: cytochrome c, lysozyme, α-lactalbumin, and hemoglobin 

(Figure 3.2). Each protein was well separated from the others, and the relative standard 
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deviations for run-to-run migration times and peak areas were less than 10% with triplicate 

measurements (Table 3.2). More importantly, the basic proteins, lysozyme and cytochrome 

c, did not show significant peak tailing, although they had relatively larger tailing factors 

(Equation 3.1) than the acidic lactalbumin or the neutral hemoglobin. The slight coating 

could indicate some coating heterogeneity, but the coating was sufficient for reproducible 

migrations times and peak areas. 

Table 3.3 Average migration times and peak areas (triplicate measurements) for 21-

amino acid H3K9me0-3 peptides in LPA-coated capillaries 

Peptide 

Migration Time (min) Peak Area (mAU x min) 

Average RSD (%) Average RSD (%) 

H3K9me0 6.67 0.1 167.8 8.6 

H3K9me1 7.79 0.1 187.7 8.3 

H3K9me2 9.15 0.2 216.3 8.3 

H3K9me3 10.14 0.2 350.5 28.7 

 

In order to demonstrate the separation capability of synthetic receptors in an LPA-

coated capillary, we also tested the separation of the unlabeled H3K9me0-3 peptides with 

CX4 in phosphate buffer at pH 3.0, a condition we used with the PVA-coated capillary. 

The relative standard deviations for each peptide’s migration time and peak area were all 

less than 10% except for H3K9me3 (Table 3.3). As shown in Figure 3.3, the separation of 

K9 peptides was comparable between the PVA- and LPA-coated capillaries. Overall, the 
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tailing factors and resolution values (R) in the LPA-coated capillary were similar to that of 

the commercial capillary.    

3.3.3 Optimization of Separation   

The enzyme crosstalk study requires baseline separation of peptides with a different 

number of modifications, so the separation conditions need to be optimized. Since the 

fluorescence of the FAM label is dependent on pH and would not fluoresce at pH 3.0, we 

chose to carry out the separation at pH 7.4 (Figure 3.4). As demonstrated in the previous 

chapter, CX4, CX6, and CB7 are effective in separating methylated and unmethylated 

small guests and peptides. All three synthetic hosts have electron-rich rims and 

hydrophobic cavities (Figure 3.5). While the negatively charged CX4 and CX6 both bind  

 

Figure 3.3 (a) H3K9me0-3 peptide separation in linear polyacrylamide (LPA)-coated and 

polyvinyl alcohol (PVA)-coated capillaries. Values for the tailing factor, t, (b) and 

resolution, R, (c) for 21-amino acid H3K9me0-3 peptides in PVA- and LPA-coated 

capillaries. t was calculated using Equation 3.1 while R was calculated using Equation 

3.2. The sequence of the peptide is ARTKQTAR-K(mex)-STGGKAPRKQLA (x = 0, 1, 

2, 3). [peptide] = 50 μM. 
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Figure 3.4 Separation of H3K9me0,2 peptides (a) and H3K9me0,2S10p peptides (b) in pH 

3.0 and pH 7.4. 

 

 

 

Figure 3.5 Structures of synthetic receptors: 4-tetrasulfonatocalix[4]arene (CX4), 4-

hexasulfonatocalix[6]arene (CX6), and cucurbit[7]uril (CB7). 
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Figure 3.6 (a) Separation of H3K9me0,2 peptides in 0 M host, 0.5 M CX4, 0.5 M 

CX6, and 0.5 M CB7 in 10 mM phosphate buffer, pH 7.4. (b) Separation of 

H3K9me0,2S10p peptides in 0 M host, 10 M CX4, 10 M CX6, and 10 M CB7 in 10 

mM phosphate buffer, pH 7.4. Separation of H3K9me0,2 peptides (c) or H3K9me0,2S10p 

peptides (d) with CX6 in 10 mM phosphate buffer and 10 mM tris buffer at pH 7.4. 

 

to methylated lysine via cation-π interactions, neutral CB7 interacts with methylated lysine 

through the carbonyl groups to form ion-dipole interactions.31 Besides the interaction 

differences, there is variability in separation performance between the synthetic receptors. 

While the calixarenes can separate all methylation levels, CB7 is less effective in 

separating them. In an uncoated capillary, CB7 causes a reduction in EOF unlike the 

calixarene hosts; however, this phenomenon is circumvented by the coated capillary. CX6 

has the added benefit of flexibility32 as well as a more negative charge, which can induce 

a larger mobility shift and increased separation. Out of all the previously tested synthetic 
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host molecules, CX6 resulted in the best resolution between all peptides with different 

methylation levels.   

To confirm the optimal receptor type, we tested the separation performance of each 

synthetic host, kept at the same molar concentration, in the background electrolyte (Figures 

3.6a,b). With the inclusion of 0.5 μM CX4 or CB7 in the running buffer, H3 and H3K9me2 

were not separated; however, the addition of 0.5 μM CX6 led to separation of the two 

peptides. A neutral marker only migrates with the addition of pressure during separation, 

which indicates that the EOF was eliminated by the LPA coating; thus, the electrophoretic 

migration is the same as the apparent mobility. Due to the preference of CX6 for 

methylation, H3K9me2 had a slower electrophoretic migration compared to the 

unmethylated counterpart. CX6 induces a larger mobility shift and is the most flexible out 

of the chosen hosts to accommodate the peptide size. The same phenomenon occurred 

when separating H3K9me0S10p and H3K9me2S10p. With the addition of CX6, the peptide 

pair was well resolved. However, a higher concentration of 10 μ CX6 was required to 

better separate the peptides from the fluorescent peptide fragments that may have been 

produced during synthesis (Figure 3.7). 
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Figure 3.7 Optimization of H3K9me0,2S10p separation in various concentrations of CX6, 

ranging from 0 μM to 10 μM CX6. 

 

 

Table 3.4 Resolution of H3 (1-11) peptide peaks in phosphate and tris buffersa 

 

Peptide Pair Phosphate Tris 

H3K9me0,2 3.4 2.4 

H3K9me0,2S10p 5.1 1.0 

a For resolution calculation when isomer peaks (originated from the isomeric FAM) were 

present, the later migrating isomer peak of the first peptide and the earlier migrating 

isomer peak of the second peptide were used. 
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Figure 3.8 Comparison of H3K9me0,2 peptide separation in 0.5 μM vs. 2 μM CX6. 

 

 

 
Figure 3.9 Controls for G9a reaction with H3K9me0. Trace 1 – 10 μM H3K9me0 

peptide; trace 2 – 10 μM H3K9me0 peptide with cofactors (500 μM SAM, 0.1 mM 

Mg2+); trace 3 - 10 μM H3K9me0 peptide with cofactors (500 μM SAM, 0.1 mM Mg2+) 

and 0.25 μM deactivated G9a; trace 4 – H3K9me2 spiked into reaction of 10 μM 

H3K9me0 peptide with cofactors (500 μM SAM, 0.1 mM Mg2+) and 0.25 μM deactivated 

G9a. 



80 

 

 

Figure 3.10 Controls for G9a reaction with H3K9me0S10p. Trace 1 – 10 μM 

H3K9me0S10p peptide; trace 2 – 10 μM H3K9me0S10p peptide with cofactors (500 μM 

SAM, 0.1 mM Mg2+); trace 3 - H3K9me0S10p peptide with cofactors (500 μM SAM, 0.1 

mM Mg2+) and deactivated 0.25 μM G9a; trace 4 - H3K9me2S10p spiked into reaction of 

H3K9me0S10p peptide with cofactors (500 μM SAM, 0.1 mM Mg2+) and deactivated 

0.25 μM G9a 

 

After choosing the optimal host type, we tested the effect of buffer composition 

on the separation capability of CX6 (Figure 3.6c,d). Tris and phosphate buffers were 

chosen since pH 7.4 is within their buffering ranges. H3 and H3K9me2 were separated by 

CX6 in Tris buffer, however, the peptide migration shifts were less than those in 

phosphate buffer. CX6 may behave differently in Tris buffer, which contains an amine 

group akin to the side chain in lysine. For both the H3K9me0,2 and H3K9me0,2S10p pairs, 

the resolution, calculated with Equation 3.2 was higher in phosphate buffer than in Tris 

buffer (Table 3.4). For calculating the resolution when isomer peaks were involved, the 

later migrating isomer peak of the first peptide and the earlier migrating isomer peak of 

the second peptide were used.  
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3.3.4 Lysine Methylation Comparison Assay of Non-modified and Modified Peptides  

In order to improve the resolution between multiple peptides in the G9a methylation 

assay, we used a higher concentration of CX6 (i.e., 2 μM) (Figure 3.8). We injected several 

controls, including a deactivated G9a reaction with spiked dimethylated product, to 

determine the migration order (Figures 3.9 and 3.10). Minimal influence from the cofactors 

and the deactivated enzyme to the migration and separation of the methylated and 

unmethylated peptides was observed. When the real enzyme traction mixture was analyzed, 

both the mono- and di-methylated peptide peak showed up at the reaction time of 30 min.  

 

Figure 3.11 (a) Separation of the H3K9me0 substrate and products, H3K9me1-3, during a 

G9a methyltransferase reaction over time. (b) Progression of the G9a reaction with 

H3K9me0S10p as a substrate over time. (c) Percent peak area (H3K9mex; x=0,1,2,3; peak 

area over the total peak area) versus time using electropherogram data. (d) % peak area 

(H3K9mexS10p; x=0,1,2,3; peak area over the total peak area) versus time using 

electropherogram data. Reaction conditions: [peptide] = 10 M, [G9a] = 0.25 M, 

[SAM] = 500 M, [Mg2+] = 0.1 mM in 20 mM tris pH 9.0 at room temperature. 
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As shown in Figure 3.11a, most of the peptide became dimethylated. There is a pair of 

peaks that starts to appear at the 90-minute mark, and this matches the MALDI peak at 

1648 m/z (Figure 3.12a), which is the mass of the trimethylated peptide. G9a 

predominantly mono- and demethylates lysine 9;33 however, it can trimethylate lysine 9 at 

a slower rate after the substrate and intermediary are exhausted34,35 and if left overnight.36  

 

 

Figure 3.12 (a) MALDI-TOF/TOF spectra with H3K9me0 substrate and products of 

H3K9me1-3 during a G9a methyltransferase reaction over time. (b) MALDI-TOF/TOF 

spectra for progression of G9a methyltransferase reaction with H3K9me0S10p as a 

substrate over time. (c) % peak area (H3K9mex; x=0,1,2,3; peptide peak over the total 

peak area) versus time using MALDI-TOF/TOF data. (d) % peak area (H3K9mexS10p; 

x=0,1,2,3; peptide peak over the total peak area) versus time using MALDI-TOF/TOF 

data. Reaction conditions: [peptide] = 10 M, [G9a] = 0.25 M, [SAM] = 500 M, 

[Mg2+] = 0.1 mM in 20 mM tris pH 9.0 at room temperature. 

 



83 

 

Remarkably, there was no product peak even after three hours (Figures 3.11b and 

3.12b) when incubating G9a with the substrate, H3K9me0S10p. Adjacent to lysine 9, 

phosphorylated serine 10 blocked G9a activity, which matches previous literature 

reports.20–22 From the CE and MALDI data, we plotted the percent peak area, which is the 

H3K9mex peak area over the total peak area, against the reaction time (Figures 3.11c and 

3.12c). The percentages between the two methods are similar except that the MALDI 

results have higher standard deviations compared to the CE results. While MALDI can 

have a quick turnaround time and high-throughput capabilities, it can suffer interference 

from salts and contaminants, resulting in crystallization variations on the MALDI plate;37 

therefore, quantitation requires the use of internal standards. Although CE requires 

fluorescent labeling of samples to produce low detection limits, it has several advantages: 

in situ monitoring (i.e., no quenching treatment of the reaction), low sample input volume 

in nanoliters, and reliable quantitation. The initial unmethylated substrate was converted 

within an hour and the H3K9me1 intermediate was only present in smaller percentages 

compared to H3K9me2, denoting that the dominant reaction was dimethylation. On the 

other hand, the phosphorylated peptide showed no difference in peak area over time 

(Figures 3.11d and 3.12d). Possible explanations for the inhibitory effect of the phosphate 

group could be its steric hindrance or repulsion that affects the conformation of the 

residues. 
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3.3.5 Phosphorylation Comparison Assay of Non-modified and Modified Peptides and 

Inhibition Assay  

We then investigated an opposite situation in which lysine methylation can affect 

kinase activity. Monitoring the reaction by CE still required CX6 in the background 

electrolyte so that the peptides could be resolved (Figure 3.13). Controls for identifying 

the peaks confirmed the migration order of the product and substrate (Figures 3.14 and 

3.15). Both H3 and H3K9me2 were well phosphorylated (Figures 3.16), and there was a 

25% difference in kinase activity between the two reactions at the 4-hour mark (Figure 

3.17a). Again, the MALDI results do not represent the same trend, which can be caused 

by crystallization growth effects on signal intensities as mentioned earlier (Figure 3.18). 

 

Figure 3.13 Comparison of H3K9me0 and H3K9me0S10p separation in 0 μM and 2 μM 

CX6. 
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Figure 3.14 Controls for Aurora B kinase reaction with H3K9me0. Trace 1 – 10 μM 

H3K9me0 peptide; trace 2 – 10 μM H3K9me0 peptide with cofactors (20 μM ATP, 0.1 

mM Mg2+); trace 3 - 10 μM H3K9me0 peptide with cofactors (20 μM ATP, 0.1 mM 

Mg2+) and 0.005 μg/μL deactivated Aurora B kinase; trace 4 - H3K9me0S10p spiked into 

reaction of 10 μM H3K9me0 peptide with cofactors (20 μM ATP, 0.1 mM Mg2+) and 

0.005 μg/μL deactivated Aurora B kinase. 

 

Figure 3.15 Controls for Aurora B kinase reaction with H3K9me2. Trace 1 – 10 μM 

H3K9me2 peptide; trace 2 – 10 μM H3K9me2 peptide with cofactors (20 μM ATP, 0.1 

mM Mg2+); trace 3 - 10 μM H3K9me2 peptide with cofactors (20 μM ATP, 0.1 mM 

Mg2+) and 0.005 μg/μL deactivated Aurora B kinase; trace 4 - H3K9me2S10p spiked into 

reaction of 10 μM H3K9me2 peptide with cofactors (20 μM ATP, 0.1 mM Mg2+) and 

0.005 μg/μL deactivated Aurora B kinase. 
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Figure 3.16 (a) Separation of H3K9me0 substrate and H3K9me0S10p product during an 

Aurora B kinase reaction over time. (b) Separation of H3K9me2 substrate and 

H3K9me2S10p product during an Aurora B kinase reaction over time. Reaction 

conditions: [peptide] = 10 M, [ATP] = 20 M, [Mg2+] = 0.1 mM, [Aurora B] = 0.005 

µg/µL in 20 mM tris pH 7.4 at room temperature. 

 

 

 

 

Figure 3.17 (a) % peak area (H3K9mexS10p, x=0,2 peak area over the total peak area) 

versus time using electropherogram data from the Aurora B kinase reaction. (b) % peak 

area (H3K9me0S10p peak area over the total peak area) versus time in the presence and 

absence of the AZD1152-HQPA inhibitor during an Aurora B kinase reaction. Reaction 

conditions: [peptide] = 10 µM, [ATP] = 20 µM, [Mg2+] = 0.1 mM, [Aurora B] = 0.005 

µg/µL (a) or 0.01 µg/µL (b), [AZD1152-HQPA] = 0 or 2.5 nM in 20 mM tris pH 7.4 at 

room temperature. 
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Figure 3.18 (a) MALDI-TOF/TOF spectra with H3K9me0 substrate and H3K9me0S10p 

product during an Aurora B kinase reaction over time. (b) MALDI-TOF/TOF spectra 

with H3K9me2 substrate and H3K9me2S10p product during an Aurora B kinase reaction 

over time. (c) % peak area (H3K9mexS10p; x=0,2; peptide peak over the total peak area) 

versus time using MALDI data. Reaction conditions: [peptide] = 10 M, [ATP] = 20 M, 

[Mg2+] = 0.1 mM, [Aurora B] = 0.005 μg/μL in 20 mM tris pH 7.4 at room temperature. 
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Figure 3.19 Controls for Aurora B kinase reaction for H3K9me0 peptide with (a) 0 or (b) 

2.5 nM of AZD1152-HQPA inhibitor. Trace 1 – 10 μM H3K9me0 peptide with cofactors 

(20 μM ATP, 0.1 mM Mg2+); trace 2 - 10 μM H3K9me2 peptide with cofactors (20 μM 

ATP, 0.1 mM Mg2+) and 0.01 μg/μL deactivated Aurora B kinase; trace 3- 

H3K9me0S10p peptide spiked into reaction of 10 μM H3K9me2 peptide with cofactors 

(20 μM ATP, 0.1 mM Mg2+) and 0.01 μg/μL deactivated Aurora B kinase 

 

 

Figure 3.20 (a) Separation of H3K9me0 substrate and H3K9me0S10p product after 

Aurora B kinase reaction over time with 0 nM AZD1152-HQPA inhibitor. (b) 

Progression of Aurora B kinase reaction with H3K9me0 and 2.5 nM AZD1152-HQPA. 

Reaction conditions: [peptide] = 10 μM, [ATP] = 20 μM, [Mg2+] = 0.1 mM, [Aurora B 

kinase] = 0.1 μg/μL in 20 mM tris pH 7.4 at room temperature. 
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Figure 3.21 (a) MALDI-TOF/TOF spectra with H3K9me0 substrate and H3K9me0S10p 

product during an Aurora B kinase reaction over time with 0 nM AZD1152-HQPA. (b) 

MALDI-TOF/TOF spectra with H3K9me0 substrate during an Aurora B kinase reaction 

over time with 2.5 nM AZD1152-HQPA. Reaction conditions: [peptide] = 10 M, [ATP] 

= 20 M, [Mg2+] = 0.1 mM, [Aurora B kinase] = 0.1 μg/μL, [AZD1152-HQPA] = 0 or 

2.5 nM in 20 mM tris pH 7.4 at room temperature 

 

After analysis of an antagonistic effect, we observed another event of enzyme 

activity interference. Targeting the active ATP-binding pocket in Aurora B kinase,38 

AZD1152-HQPA is a selective inhibitor39,40 with a Ki of 0.36 nmol/L.40 We confirmed 

the migration order of the peptides to accurately identify the peaks in the enzymatic assay 

(Figure 3.19). While the phosphorylation reaction progressed without inhibitor, there was 

no formation of the product in the inhibitor reaction (Figures 3.17b, 3.20, and 3.21).  

3.3.6 Enzyme Crosstalk Study with a Mixture of Substrates  

 After successfully monitoring enzyme reactions with one substrate, we proceeded 

to examine each enzyme reaction in more competitive environments. We conducted the 

G9a methyltransferase reaction with a mixture of the unphosphorylated (H3K9me0) and 
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Figure 3.22 (a) Schematic for the separation of unphosphorylated and phosphorylated 

peptides as well as their products during a G9a methyltransferase reaction over time. (b) 

Separation of H3K9me0 and H3K9me0S10p substrates and their products during a G9a 

reaction over time. (c) % peak area (H3K9mex; x=0,1,2; peak area over the total peak 

area) versus time for the G9a substrate mixture reaction. (d) % peak area (H3K9mexS10p; 

x=0,1,2; peak area over the total peak area) versus time for the G9a substrate mixture 

reaction. Reaction conditions: [H3K9me0] = 10 M, [H3K9me0S10p] = 30 M, [G9a] = 

0.25 M, [SAM] = 500 M, [Mg2+] = 0.1 mM in 20 mM tris pH 9.0 at room temperature. 
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Figure 3.23 (a) Schematic for the separation of unmethylated and methylated peptides as 

well as their products during an Aurora B kinase reaction over time. (b) Separation of 

H3K9me0 and H3K9me2 substrates and their products during an Aurora B reaction over 

time. (c) % peak area (H3K9mexS10p; x=0,2; peak over the total peak area) versus time 

for the Aurora B kinase substrate mixture reaction. Reaction conditions: [peptide] = 10 

M, [ATP] = 20 M, [Mg2+] = 0.1 mM, [Aurora B] = 0.005 µg/µL in 20 mM tris pH 7.4 

at room temperature  

 

phosphorylated (H3K9me0S10p) histone peptides (Figure 3.22). As expected, the modified 

histone peptide was not methylated as the peak area of the phosphorylated peptide did not 

change. On the other hand, the reaction for the unmodified histone peptide proceeded. In 

addition, we subjected a mixture of unmethylated and dimethylated histone peptides to 

phosphorylation by Aurora B (Figure 3.23). There was a 15% peak area ratio difference 

between the two reactions, which is less than that of the independent reactions; this can be 

explained by the expected degradation of the enzyme over time in storage. Still, we 
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observed a difference in enzyme activity when both substrates are present. Both the high 

resolution of CE and the selectivity of the synthetic receptor made it possible to 

simultaneously observe PTM enzyme reactions of a substrate mixture.   

  

 

3.4 Conclusions 

In this chapter, we were able to monitor the activity of different enzyme reactions 

using our method of host-assisted capillary electrophoresis. The combination of receptor 

selectivity and separation by CE enhances the technique’s efficacy in an enzymatic assay. 

The use of a permanent coating (LPA) on the inner capillary wall can improve the 

efficiency of separating multiply charged positive peptides. After optimization of the 

method, we were able to apply it to monitoring reactions of different enzymes such as 

G9a methyltransferase and Aurora B kinase. We analyzed the activities of G9a and 

Aurora B kinase with individual substrates or competitive substrate mixtures (i.e., 

unmodified and modified peptide pairs) to observe enzyme activity differences in the 

presence of an antagonistic PTM.  Host-assisted CE introduces several advantages of 

simultaneous monitoring of the substrate, intermediates, and product as well as in situ 

analysis that doesn’t necessitate quenching of the reaction. The assay has shown to be 

effective for the study of other potential antagonistic PTM pairs as well as synergistic 

ones in a cell lysate—a more complex, biological environment.  
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Chapter 4: Investigation of Interactions with Deep Cavitands in Capillary 

Electrophoresis  

4.1 Introduction  

Water soluble deep cavitands have been increasingly used in recent years in 

application such as fluorescence displacement assays1–3 and biomimetic studies.4–7 In 

comparison to the calixarene- and cucurbituril-based hosts that we have used in previous 

chapters, cavitands have a deeper cavity. Like calixarene hosts, their binding is based on 

cation-, electrostatic, hydrogen bond, and hydrophobic interactions. Deep cavitands can 

interact with a variety of targets, such as small guest fluorophores,1 metal cations,8 

surfactants,9 peptides,1 and proteins.4 Besides their versatility, deep cavitands can be 

modified more easily than other hosts, and they are easier and cheaper to produce in the 

lab. With these benefits in consideration, it would be useful to investigate host-guest 

interactions even further. 

Separation techniques allow for detection of multiple analytes simultaneously, 

which can help with rapid screening of different host-guest interactions and faster 

assessment of the utility of the synthetic receptors. Calixarene-based hosts have been used 

in chromatography,10 but it does require functionalization to the column. However, 

capillary electrophoresis (CE) is a fast, open-channel separation technique with several 

benefits, such as high resolution and low reagent and sample consumption. In addition, it 

has been demonstrated in previous chapters that simple addition of synthetic receptors to 

the separation buffer of CE is possible.  
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Among the wide range of potential targets, peptides with post-translational 

modifications can be discriminated by deep cavitands. These modifications are vital to 

many cellular events including metabolism,11,12 protein folding,13 and signaling 

transduction.14 As epigenetic factors, histone PTMs are important to identify and study as 

they have significant roles in cell function; furthermore, some PTMs are correlated with 

the onset of disease.15,16 Thus, studying these modifications can contribute to diagnosis and 

drug discovery. Some PTMs introduce only small changes that make separation 

challenging. For instance, lysine can be methylated to various degrees, ranging from 

monomethylation to trimethylation, and this addition of a methyl group confers only a 

small change in hydrophobicity, pKa, charge, and size. Even with this difficulty, cavitands 

have been able to differentiate between the various methylation levels. Cavitands were also 

proven to be sensitive to the surrounding environment on peptides; binding of synthetic 

receptors can depend on the adjacent amino acid residues, which makes cavitands more 

comprehensively selective.2  

In the previous chapters, we discussed the use of calixarene- and cucurbituril-based 

synthetic receptors in capillary electrophoresis. Here, we introduce cavitands, 

resorcinarene-based receptors that can bind to many different types of analytes. We studied 

the interactions of cavitand hosts with various small guests and proteins in CE. We were 

able to identify potential targets, small molecules and proteins, to better understand the 

behavior of these synthetic receptors in CE. Specifically, we observed potential binding of 

cavitand to histone protein H3K9(me3), which can be relevant in future analysis of histone 

variants.  



99 

 

4.2 Materials and Methods 

4.2.1 General 

Cavitands 117 and 2-318 as well as  guests 1-41,19 were synthesized according to 

literature procedures. 4-Tetrasulfonatocalix[4]arene, cucurbit[7]uril hydrate, trans-4-[4-

(dimethylamino)styryl]-1-methylpyridinium iodide, cytochrome c, lysozyme, transferrin, 

apo-transferrin, histidine, trypsin from porcine pancreas, 3-(trimethoxysilyl)propyl 

methacrylate, acrylamide, and ammonium persulfate were purchased from Sigma-Aldrich 

(St. Louis, MO). 4-Hexasulfonatocalix[6]arene hydrate was purchased from Alfa Aesar 

(Tewksbury, MA). Bovine serum albumin was purchased from Research Products 

International (Mount Prospect, IL). Recombinant histone H3.3 and recombinant histone 

H3K9me3 (MLA) were purchased from Active Motif (Carlsbad, CA). All samples and 

separation buffers were made using ultrapure water (18 MΩ) from a Direct-Q Water 

Purification System (Millipore Sigma, Billerica, MA).   

4.2.2 Capillary Electrophoresis  

Separation of fluorescent guests and non-fluorescent proteins was performed on an 

Agilent 7100 CE system with a UV-visible diode-array detector. Data were obtained using 

ChemStation (Agilent Technologies, Santa Clara, CA). Samples were introduced with a 

pressure injection of 50 mbar for 5 seconds into an LPA-coated capillary (50 μm inner 

diameter, 365 μm outer diameter, with an effective length of 26.5 cm) unless otherwise 

specified. The electric field was 571 V/cm with positive polarity during separation. 

Separation of small fluorescent guests were performed using a Beckman Coulter 

ProteomeLab PA 800 (Beckman Coulter, Fullerton, CA) with a laser-induced fluorescence 
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detector (λexc = 488 nm, λem = 520 nm). Samples were introduced into the LPA-coated 

capillary (50 μm inner diameter, 365 μm outer diameter, 20 cm effective length) with a 0.5 

psi injection for 5 s. Separation was driven by an electric field of 662 V/cm with positive 

polarity. Data were obtained with 32Karat and analyzed with OriginPro 8.6.  

4.2.3 Preparation of the Linear Polyacrylamide Coating 

Bare fused-silica capillaries (50 μm i.d., 365 μm o.d.) were purchased from 

Polymicro Technologies (Phoenix, Arizona). The inner wall of the bare fused silica 

capillary was coated with linear polyacrylamide based on a protocol from Zhu et al.20 with 

several modifications. The mixture of polymer and initiator was degassed via vacuum 

pressure and then introduced to the capillary with nitrogen. The capillary was sealed and 

then incubated in an oven at 50 °C for 30 minutes. After flushing the unreacted reagents, 

the capillary was dried with nitrogen and stored at room temperature.  

 

4.3 Results and Discussion  

4.3.1 Testing the compatibility of cavitands with different capillaries 

Cavitands 1-3 are synthetic hosts that have been investigated in this study (Figure 

4.1). All three host molecules are resorcinarene-based, and they each have a hydrophobic 

cavity. The “feet” of cavitand can be modified to increase solubility without affecting the 

binding portion in the upper rim of the structure. Cavitand 1 is negatively charged when 

above the pKa of carboxylate groups on the rim. Cavitand 2 has a neutral rim and positively 

charged imidazolyl groups on the feet. Like cavitand 2, cavitand 3 also has a neutral rim 

but positively charged pyridyl groups on the feet. Cavitand can either be flat in a “kite” 
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shape or folded in a “vase” conformation. The latter occurs when a guest is bound to the 

inner cavity. Cavitands have various interactions with guest molecules including the 

following: electrostatic, hydrogen bond, hydrophobic, and van der Waals. Potential guests 

include those with lysine methylation as well as larger biomolecules with hydrophobic 

portions. 

 

Figure 4.1 Structures of cavitands 1-3 and guest 1-5.  

 

Due to the possibility of cavitands interacting with the inner wall of the capillary, 

the use of cavitands in CE is challenging. Most often, a coating is employed in the inner 

wall of the capillary to reduce adsorption of samples. This is due to the ionization of weakly 

acidic silanol groups on the inner capillary wall in typical separation conditions (i.e., above 

pKa of silanol at 4.5). A coating can either be dynamic or permanent: dynamic coatings 
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establishes an equilibrium at the interface of liquid-solid surface while permanent coatings 

are composed of irreversibly attached materials. With the use of dynamic coatings such as 

lipid bilayers, synthetic receptors can still adsorb to the coating material, which will affect 

separation efficiency by reducing the concentration of the hosts in solution. Permanent 

coatings avoid this issue and have improved reproducibility for long term usage. 

Furthermore, the need to replenish the coating material after each run is eliminated. There 

is still not much known about the behavior of cavitands in CE, so it is important to test 

individual cavitand response in this environment without the presence of guests.  

 

Figure 4.2 (a) Injection of cavitands 1-3 in bare fused silica capillary. [Cavitand] = 100 

µM; background electrolyte: 10 mM phosphate buffer, pH 7.4; separation voltage: 15 kV. 

(b) Injection of cavitands 1-3 in an LPA-coated capillary. [Cavitand] = 100 µM; 

background electrolyte: 10 mM phosphate buffer, pH 3.0; separation voltage: 20 kV with 

added 5 mbar pressure.   

 

In order to test capillary compatibility of each cavitand, cavitands 1-3 were injected 

into two types of capillaries: bare fused silica (BFS) and permanently coated capillaries 

(Figure 4.2). While the peak for cavitand 1 appeared when using a BFS capillary, there was 

no presence of the peaks for cavitands 2 and 3. At pH 7.4, the capillary’s inner wall has 
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silanol groups that are negatively charged, which can adsorb cavitands 2 and 3 that contain 

permanently charged cationic feet. On the other hand, cavitand 1’s carboxyl groups repel 

the negative silanol groups on the wall, enabling the host to migrate to the detection 

window. In order to rectify the situation with the positive cavitands, we injected all the 

cavitands individually in a linear polyacrylamide (LPA)-coated capillary. In addition to 

voltage application, we also applied a pressure of 5 mbar to obtain a reasonable migration 

time. LPA is a neutral, hydrophilic coating, which greatly reduces or eliminates the 

electroosmotic flow (EOF). To no avail, cavitand 1 did not appear in the electropherogram 

trace. The EOF is minimized with the presence of a coating due to reduction of the zeta 

potential on the wall, which creates a lack of a double diffuse layer to produce a bulk flow 

movement of buffer. Additionally, the carboxyl groups on the rim of cavitand 1 are 

neutralized at pH 3.0. These two factors cause cavitand to migrate slowly, which can help 

increase binding. However, the pH of the running buffer can be adjusted to ionize the 

carboxylate groups on the rim. In contrast, the positively charged cavitands 2 and 3 were 

able to migrate to the detection window.  

4.3.2 Investigation of Cavitand Binding with Small Fluorescent Guests  

After testing the compatibility of cavitands with different surfaces in CE, we then 

studied the potential interactions between guests 1-5 and cavitands 1-3 (Figure 4.1). As 

opposed to larger biomolecules, the small guests present a simpler system to test. In 

particular, guests 1-4 have the same structure except for the difference in the number of 

methyl groups on the binding handle.  The option of having them synthesized allowed 

tuning of the  
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Figure 4.3 Injection of monomethylated guest 2 (a), dimethylated guest 3 (b), and 

trimethylated guest 4 (c) in the presence of 0-1 µM cavitand 1. [guests 2-4] = 50 nM; 

background electrolyte: 10 mM tris buffer, pH 7.4; separation voltage: 30 kV; bare fused 

silica capillary.  

 

 

Figure 4.4 Injection of unmethylated guest 1 and trimethylated guest 4 in the presence of 

0-5 µM cavitand 2 (a,b) and 3 (c,d). [guest 1,4] = 50 nM; background electrolyte: 10 mM 

tris buffer, pH 7.4; separation voltage: 30 kV; bare fused silica capillary.  
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Table 4.1 Percent mobility change between guests 1 and 4 with various concentrations of 

cavitands 2 and 3.  

 

 

 

 

 

 

fluorophore to carry multiple methylation levels, mimicking mono- to trimethylation in the 

lysine residue. In chapter 2, the focus was on the binding of guests 1-4 with calixarene and 

cucurbituril hosts; there were sufficient mobility shifts for each guest, making it possible 

to obtain dissociation constants for each complex. Herein, we first incorporated various 

concentrations of cavitand 1 in the running buffer; however, there was no variation in the 

migration time for guests 2-4 (Figure 4.3). In order to do a quicker screening, we compared 

unmethylated guest 1 and trimethylated guest 4, which would have the highest mobility 

difference, to investigate potential interactions with the remaining cavitands 2 and 3 

(Figure 4.4). There was variability in the guest migration time when using these positively 

charged cavitands in the LPA-coated capillary; thus, we included riboflavin as an internal 

standard in the sample to correct for the migration time. Unfortunately, there was no 

significant difference in the electrophoretic mobilities between guests 1 and 4 (Table 4.1). 

Guests 1-4 fit the amphiphilic profile in which one end is hydrophobic and the other end 

with the ammonium cation is hydrophilic. Cavitand will aggregate in the presence of such 

lipophilic guest molecules.1,21 In this case, the concentrations of cavitand was not high 

Concentration of Host (µM) Cavitand 2 Cavitand 3 

0 µM 3.7% 2.0% 

0.5 µM 3.1% 1.7% 

5 µM 3.0% 1.5% 
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enough to induce aggregation of the synthetic hosts, which may be necessary to induce 

mobility shifts of the guests.   

We then tried to use another small, cationic small molecule. Trans-4-[4-

(dimethylamino)styryl]-1-methylpyridinium iodide (DSMI), referred to as guest 5 in this 

chapter, is a hemicyanine dye that has been used in studies with host molecules22–24 

including cavitand.8,25–27 Due to the positively charged amine group it carries, guest 5 can 

bind to cavitands via cation-π interactions. We analyzed the mobility shift of guest 5 in the 

presence of various concentrations of cavitands 1-3. There were some variations in the 

peak intensity of guest 5 that could possibly be due to guest adsorption to the capillary 

wall. Nonetheless, there were indications of binding when 50 µM of cavitands 1-3 were 

employed in separate runs (Figure 4.5). While the peak for guest 5 did not appear in the 

traces for 0-10 µM cavitand 1 or 3, the absorbance of guest 5 increased at 50 µM cavitand 

1 or 3. Furthermore, there is slight peak broadening in these conditions. Without host in the 

background electrolyte, the peak for guest 5 is small (Figure 4.6a). With the addition of 50 

µM cavitand 1 (i.e., 1:1 ratio with the guest), the peak area increases and the peak broadens.  

 

Figure 4.5 Injection of guest 5 in presence of various concentration of cavitands 1 (a), 2 

(b), and 3 (c). Background electrolyte: 10 mM phosphate buffer, pH 7.4 (a) or 3.0 (b,c); 

separation voltage: 10 kV (a) or 15 kV (b,c); BFS capillary (a) or LPA-coated capillary 

(b,c). 
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Figure 4.6 (a) Injection of guest 5 and internal standard, fluorescein, into 0 or 50 μM 

cavitand 1. [guest 5] = 50 μM; background electrolyte: 10 mM phosphate buffer, pH 7.4; 

separation voltage: 10 kV; bare fused silica capillary. (b) Injection of guest 5 in 0-30 µM 

cavitand 2. [Guest 5] = 2 µM; [riboflavin] = 1 µM; background electrolyte: 10 mM 

phosphate buffer, pH 7.4; separation voltage: 15 kV; linear-polyacrylamide capillary. 

 

Furthermore, the migration time of guest 5 is delayed and appears after the peak for 

fluorescein, which is used as an internal standard. The inclusion of cavitand 1 in the running 

buffer also causes the intensity of the negative peak, appearing in both traces, to increase 

in magnitude. This is caused by the difference in absorbance between the running buffer 

and the water in the sample. Since water has a lower absorbance than phosphate buffer, it 

shows up as a negative peak. A negative peak is similar to a void peak in which there is 

absence of the analyte.28 Furthermore, the intensity of the negative peak increases in the 

cavitand 1 trace due to cavitand increasing the background absorbance at 200 nm, as 

indicated by the host’s absorbance in Figure 4.2. 

Compared to cavitands 1-2, cavitand 3 has poor water solubility; thus, we focused 

our studies more on cavitands 1 and 2. Cavitand 2 also had poor water solubility, but we 
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were able to use fluorescence detection in order to use lower concentrations of this host. In 

addition, there is an added benefit of fluorescence detection in that it is more sensitive than 

absorbance detection. The use of cavitand 2 also required the LPA-coated capillary, which 

causes a reduced EOF. In this regard, we used a different internal standard, riboflavin, since 

negatively charged fluorescein would migrate very slowly.  

Fluorescein is negatively charged at pH 7.4 so it would not have a reasonable 

migration time. As shown in Figure 4.6b, there is no shift in the migration time of guest 5 

and the internal standard in the range of 0 to 10 μM of cavitand 2 in the background 

electrolyte. However, there is peak broadening for both molecules at 20 μM cavitand 2. At 

30 μM cavitand 2, the peak for guest 5 is even more broad and riboflavin does not appear 

within this time window. Although riboflavin does not have a cationic group at neutral pH, 

the migration shift of the internal standard could be based on hydrophobic interactions with 

the synthetic receptor.  

4.3.3 Potential Interactions of Proteins with Cavitand 

Following the analysis in a simpler system with small molecule guests, we 

proceeded to study possible interactions of various proteins with cavitands 1 and 2. As 

opposed to the small guests, proteins may be better options due to stronger hydrophobic 

interactions they can have with the cavity. In a biological setting, there can be other 

sequence-dependent interactions that help facilitate binding. Amino acids have a plethora 

of variation based on their isoelectric point, charge, hydrophobicity or hydrophilicity, and 

steric bulk, which contributes to the complexity of host-guest interactions. We injected a 

mixture of various proteins ranging in isoelectric points (Figure 4.7). Cytochrome c and  
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Figure 4.7 Separation of a standard protein mixtures in the presence of 0 µM host, 10 

µM cavitand 1, and 10 µM cavitand 2. CC = cytochrome c, Lys = lysozyme, BSA = 

bovine serum albumin, his = histidine, Tf = transferrin, apo-Tf = apo-transferrin. 

[Protein] = 1 µM; [histidine] = 100 µM; background electrolyte: 10 mM phosphate buffer 

pH 3.0; separation voltage: 20 kV; linear-polyacrylamide capillary.  

 

 

Figure 4.8 Injection of bovine serum albumin (BSA) and histidine in 0 µM host, 10 µM 

cavitand 1, and cavitand 2. [BSA] = 1 µM; [histidine] = 100 µM; background electrolyte: 

10 mM phosphate buffer, pH 3.0; separation voltage: 20 kV; linear polyacrylamide-

coated capillary.  
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lysozyme are basic proteins while bovine serum albumin (BSA) and the transferrin variants 

are acidic. However, we had to use a background electrolyte at acidic pH so all the proteins 

carry a positive charge, inducing fast migration times in the reduced EOF condition. We 

included an amino acid reference marker, histidine, which overlapped with BSA in the 

electropherogram. There was a slight shift in the electrophoretic mobility of BSA in the 

mixture of proteins. However, there was no change in the electrophoretic mobility of BSA 

when injecting it with the histidine marker alone (Figure 4.8).  

 

Figure 4.9 Injection of trypsin and reference marker histidine in 0 µM or 10 µM cavitand 

1-2. [Trypsin] = 10 µM; [histidine] = 100 µM; background electrolyte: 10 mM phosphate 

buffer, pH 3.0; separation voltage: 20 kV; linear polyacrylamide capillary.  

 

We studied the potential effects of cavitand on trypsin (Figure 4.9), which has been 

shown to interact with cavitand in the literature.4 We used histidine as an internal standard 

again to correct any migration time shift. The addition of cavitand 1 did not change the 

overall migration time of trypsin.  However, there was a shift in the migration time of 

trypsin as well as the internal standard when cavitand 2 was incorporated into the 

background electrolyte. While there was only a 1.44% mobility change comparing 0 and 
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10 μM cavitand 2, there was a 27.3% change in electrophoretic mobility between 0 and 10 

μM cavitand 1 (Table 4.2). Furthermore, there was a peak shape change, in terms tailing, 

of trypsin, when 10 μM cavitand 2 were present. The peak tailing was reduced with the  

presence of cavitand 2 when compared to the condition with cavitand 1 or no cavitand 

present.   

Table 4.2 Electrophoretic mobility and percent mobility change of trypsin for cavitands 1 

and 2. 

 0 µM host 10 µM cavitand 1 10 µM cavitand 2 

µem (cm2/V·s) -3.19x10-5 ± 

1.4x10-6 

-4.06x10-5 ± 

2.8x10-6 

-3.14x10-5 ±  

4x10-7 

Mobility change (%) 0% 1.44% 27.3% 

 

 

Figure 4.10 Injection of a H3.3 and H3K9me3 protein mixture in 0 µM or 30 µM 

cavitands 1-2. [Protein] = 3 µM; background electrolyte: 10 mM phosphate buffer, pH 

3.0; separation voltage: 20 kV; linear polyacrylamide capillary.  
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After the attempt of separating several proteins with various isoelectric points, a 

more specific target, a protein containing lysine trimethylation, was tested. As shown in 

Figure 4.10, there was a slight change in the peak shape. Although there was no shift in the 

migration time, further optimization of buffer conditions, such as the cavitand 

concentration, can improve separation of these proteins. There is also the appearance of a 

second peak at 5.5 minutes when cavitand 3 was included in the running buffer. This could 

possibly be a protein degradation product, and the cavitand with imidazolyl feet can 

separate or enhance its peak. The lack of significant binding between the targets and the 

cavitand molecules could possibly be due to synthetic receptors still adsorbing to the 

capillary wall. Alternatively, mobility shift in the protein may not be significant when 

bound to the much smaller cavitand; this can be corroborated by the slight peak tailing of 

cavitands 2 and 3 in Figure 4.1. 

4.4 Conclusions 

In this chapter, we have studied the potential interactions between deep cavitands 

and various guests. Cavitands 1 and 2 have induced a mobility shift and increased the peak 

area of fluorescent guest 5 among the small guests. When studying protein interaction, it 

has been demonstrated that positively charged cavitand 2 can interact with trypsin based 

on the change in peak shape of the protein. In addition to unmodified proteins, cavitand 

binding with modified histone proteins can be studied. Although there was no separation 

between the unmethylated and trimethylated histone H3.3 proteins, there was a distinct 

change in peak shape. For the most promising proteins (i.e., trypsin and H3K9me3 protein), 

further analysis must be performed to improve mobility shifts and CE separation. In the 
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future, the LPA-coated capillary can be employed in the analysis with positively charged 

proteins and guests; thus, adsorption of the targets can be reduced. However, an uncoated 

capillary can be utilized for studying negatively charged proteins and guests in order to 

obtain fast migration times and appearance of these peaks. There are several considerations 

to make when using cavitands in the background electrolyte.  
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Chapter 5 Conclusions and Future Developments  

5.1 Conclusions 

This dissertation has focused on the succession of a host-assisted capillary 

electrophoresis (host-assisted CE) method for selectively separating biomolecules with 

post-translational modifications (PTMs). In addition, we were able to form a library of 

different synthetic receptors to employ in CE, and we applied our method to various PTM 

enzymes.   

In chapter 2, we developed a host-assisted capillary electrophoresis method in order 

to selectively discriminate between different lysine methylation levels.1 We first tested our 

method with small molecules that contained methyl binding handles, which provided a 

simple system to study. From this experiment, we compared affinity measurements for 

different combinations of hosts and guests. We kept one host, 4-tetrasulfonatocalix[4]arene 

(CX4), the same, and CX4 bound most strongly to the trimethylated guest; in addition, the 

dissociation constant increased when there were fewer methyl groups on the binding 

handle. When comparing the affinity of different hosts for the trimethylated guest, 

cucurbit[7]uril had the strongest binding. Furthermore, all three receptors had 

comparatively stronger affinities for the H3K27(me3) peptide than for the small molecule 

guests, which suggests that there are external influences from the surrounding sequence of 

the peptides. In contrast to the results from the small molecule study, 4-

hexasulfonatocalix[6]arene (CX6) resulted in the best resolution when separating peptides. 

The combination of the high resolution in CE as well as the excellent selectivity of the 

synthetic hosts resulted in well-separated peptides. We were able to demonstrate the 
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applicability to an enzyme assay and monitor the activity of lysine demethylases, KDM6B 

and JMJD2E, as a proof-of concept. Furthermore, monitoring the effect of the 2,4-PDCA 

inhibitor on the activity of both lysine demethylases was successful.  

In chapter 3, we expanded the applicability of the host-assisted CE method to other 

enzymes, such as G9a methyltransferase and Aurora B kinase. A coated capillary is a vital 

tool when injecting basic histone peptides as it prevents the adsorption of these samples to 

the negatively charged capillary wall; therefore, we coated the capillary wall with linear 

polyacrylamide (LPA). The LPA-coated capillary was found to be stable in the presence 

of synthetic receptors, calixarenes and cucurbiturils. In the literature, LPA-coatings have 

only been previously tested with other buffer additives, such as surfactants and ionic 

liquids.2 After testing the coating’s compatibility with the macrocycles, we successfully 

monitored the activities of G9a and Aurora B kinase with unmodified and modified peptide 

substrates. Through host-assisted CE, we saw antagonistic effects of phosphorylated serine 

10 and dimethylated lysine 9 on G9a and Aurora B kinase activity, respectively 

Furthermore, our method demonstrated simultaneous monitoring of enzyme reactions for 

multiple substrates. Our research showed that host-assisted CE can analyze crosstalk 

activity between different PTMs, and there is possibility of expanding the use of this 

method to other crosstalk activity and monitoring synergistic effects between histone 

marks.  

In chapter 4, we investigated potential small molecule and protein guests for 

cavitands as alternative synthetic receptors. In contrast to CX4, CX6, and CB7, cavitands 

have a deeper cavity to encompass an analyte. Although there wasn’t significant binding 
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between the selected guests and the different cavitand hosts, we still found some indication 

of binding cavitands 1 and 2 with trans-4-[4-(Dimethylamino)styryl]-1-methylpyridinium 

iodide (DSMI). Furthermore, there was a change in the peak shape of trypsin when adding 

cavitand 2 to the background electrolyte as well as a reduction in peak tailing with both 

cavitands 1 and 2; this indicates other forms of interactions with cavitands, including 

hydrogen bonding, hydrophobic, and electrostatic interactions. When trying to separate the 

unmethylated and trimethylated histone H3 protein pair, the peak shape changed when 

including the positively charged cavitand 2 in the background electrolyte. When injecting 

the protein, it is important to note that the protein is large in comparison to cavitand: 

cavitands are around 1.5 kDa, while proteins can range upward from 10 kDa. In addition, 

the charge of the protein is very large in acidic conditions; therefore, the complex will not 

differ much in charge compared to the free protein, which can cause the binding shift to be 

small. Although the separation is challenging, further optimization can be performed in 

order to improve the resolution. The peak shape changes in the trypsin and H3 proteins 

indicate that there is some form of binding that is occurring.  

5.2 Future Developments  

The low solubility in water was a challenge in obtaining efficient separation with 

cavitands 2 and 3 from chapter 4; however, a great benefit in using cavitands is the 

tunability of the rim and feet to enhance selectivity and render the structure appropriate for 

the method conditions at hand. In addition to the cavitands introduce in chapter 4, there are 

several alternative cavitand structures currently available (Figure 5.1).  
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Tetraphosphonate cavitands have been developed by the Dalcanale group;3 in this 

structure, the positioning of the phosphonate groups are directed towards the center of the 

cavity. These cavitands have different interactions with methylated species, including 

cation-dipole, cation-π, and hydrogen bonding interactions.3 Cavitand 4 is one variation of 

tetraphosphonate cavitand that includes pyridyl groups on the feet and phosphonate groups 

on the rim, both of which improve water solubility of this molecule (Figure 5.1). Aside 

from this property, a unique characteristic of this host is its selectivity for a lower 

methylation state (i.e., monomethylation).4 Other synthetic hosts that have been reported 

to have affinity for lysine methylation usually have a preference for higher levels of 

methylation.5–7  

 

Figure 5.1 Structures of cavitands 1-5.   
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 We performed a quick test with 21-amino acid H3K9 peptides that we used in 

chapter 2. When injecting a mixture of nonmethylated and monomethylated H3K9 

peptides, the two peptides co-migrate in the separation buffer without synthetic receptor. 

With the presence of cavitand 4, there was an increasing migration time shift with an 

increase in the concentration of cavitand 4 (Figure 5.2). There is a split peak in the trace  

 

Figure 5.2 Injection of H3K9me0,1 (1-21) peptide mixture in the presence of 0-50 μM 

cavitand 4. [Peptide] = 20 μM; background electrolyte: 10 mM phosphate buffer, pH 3.0; 

separation voltage: 20 kV with the addition of 5 mbar; linear polyacrylamide capillary.  

with 50 μM; however, the appearance of splitting is not an indication of the two peptides 

separating. When each peptide was injected individually in the presence of 50 μM cavitand 

4, split peaks were still present for each peptide (Figure 5.3a); this could be attributed to 

the two forms of cavitand 4, as shown when the host was injected as a sample in Figure 

5.3b. Although there was no separation of the H3K9me0,1 pair, there was a peak broadening 

effect in the 50 μM cavitand 4 condition, which can indicate some interaction between the 

host and the peptides. The broadening effect could be a result of slow kinetics and an 
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unstable complex. In addition, all the receptor molecules may not be spending the same 

amount of time in the complexed form.8,9 In this effect, the conditions should be 

customized further in order to resolve the peptides. For example, we can increase the 

amount of time that the peptide and cavitand remain in the complexed form. 

As an improved version of cavitand 2 from chapter 4, a water-soluble octamide 

cavitand (i.e., cavitand 5 in Figure 5.1) that is synthesized by the Hooley group can be 

another alternative.10 There are additional hydrogen bond points on the octamide rim of the 

synthetic receptor that improves solubility in water. In combination with the cavitand 1-3 

from chapter 4, we can form a direct combinatorial library for screening guests.   

 

Figure 5.3 (a) Injection of H3K9me0,1 as a mixture or individually in 50 μM cavitand 4. 

[Peptide] = 20 μM; background electrolyte: 10 mM phosphate buffer, pH 3.0; separation 

voltage: 20 kV with added 5 mbar; linear-polyacrylamide capillary. (b) Injection of 100 

μM cavitand 4 in 10 mM phosphate buffer, pH 3.0. Separation voltage: 20 kV with added 

5 mbar; linear polyacrylamide capillary.  

 

Aside from using other cavitands, we can focus on optimizing an affinity capillary 

electrophoresis (ACE) method to improve the binding of guests to cavitand. For the 
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calixarene and cucurbituril derivatives that were tested in chapters 2 and 3, there was a shift 

in migration time for the small guests and the peptides when bound to the synthetic 

receptors in the running buffer, which indicates fast kinetics at play. However, cavitands 

may be undergoing slow kinetics in their interaction, at least with the fluorescein-derivative 

guests (i.e., guests 1-4 in chapter 4). We can increase the time of the host and guest in a 

complex form by pre-incubating cavitands and guests 1-4 before introducing the sample 

into the capillary. This process is called pre-equilibrium CZE. In addition to pre-incubation 

of the complex, we can include the receptor in the background electrolyte to reduce 

dissociation of the complex. Furthermore, there may not be a large mobility shift when 

observing the binding of cavitand to various proteins. Cavitand 1 has previously been used 

in CE except it was in the presence of a lipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC).11 We can incorporate cavitand into lipid micelles12 to induce a 

larger mobility shift in the proteins.  
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