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Abstract 

Lysine methylation is a post-translational modification that regulates a large array of 

functionally diverse processes that are vital for cellular function. The role of methylation is best 

characterized on histone proteins due to their high concentration in the cell, but alongside histone 

modifications, lower abundance non-histone methylation is emerging as a prevalent and 

functionally diverse regulator of cellular processes. The direct biological impact of non-histone 

lysine methylation is less well understood because they are difficult to detect. The dynamic 

concentration range of the proteome masks their signal during proteomic analysis which impedes 

the detection of these low abundance methylated proteins. Increasing the concentration of proteins 

bearing methylation is required for improved discovery. This requires enriching the post-

translational modification with a capturing reagent prior to analysis.  

This thesis details an optimized method for using the supramolecular host p-

sulfonatocalix[4]arene as a stationary phase methyllysine enrichment reagent for real-life cell-

extracted proteins. Prior to the optimizations described in this thesis, cell-derived peptide extracts 

were not retained within an early generation upper-rim modified calixarene column. But with the 

new protocols detailed in this thesis, proteins extracted from both cultured prostate cancer cells 

and industrially sourced brewer’s yeast were successfully retained by a lower-rim modified 

calixarene column. Thousands of methylated proteins with diverse functions and cellular 

localization were discovered using this method. Detection of low abundance methylated proteins 

will aid our discovery of all cellular methylation marks, which in turn, will help delineate their 

biological functions. 
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1 Chapter 1: Proteomic Analysis of Lysine 

Methylation 

1.1 Histone and non-histone post-translational modifications 

 Post-translational modifications 

 Post-translational modifications (PTMs) control a protein’s biological function by 

controlling its stability, functionality, and affinity for other proteins. PTMs are covalent 

modifications to pre-existing amino acid functional groups that change a residue’s polarity, charge, 

geometry, and/or hydrophobicity.1 With such modifications, the cell can expand the 

physicochemical reserve of the twenty amino acids to highly complex molecular states. The list of 

major PTMs includes methylation, phosphorylation, acetylation, citrullination, ubiquitination, and 

small ubiquitin-like modification (SUMO)ylation.2 Enzymes that add and remove these PTMs 

have many known connections to signal transduction pathways, gene expression, and disease.3  

 PTMs are broadly employed throughout the cell. For example, p53 is positively regulated 

by lysine methylation.4 In correlation with stress signals such as DNA damage, the 

methyltransferase protein Set9 was observed to methylate p53 at K372. In its methylated form, 

p53 is more stable, is able to induce p53-mediated apoptosis, and localizes in the nucleus. Another 

use of PTMs in the cell is acetylation and/or methylation on histone proteins. Specific arrays of 

such modifications are correlated to RNA synthesis rates (gene activating and silencing), cellular 

metabolism, and protein chaperoning.5,6,7 It is thought that changes to the array of PTMs on histone 

proteins allow the cell to adapt to environmental stimuli in a heritable fashion—this phenomenon 

is termed ‘epigenetics’. 

 Interplay of epigenetics and PTMs 

 Epigenetics is classically defined as the inheritable changes to gene expression rates 

without changing the underlying DNA sequence itself.8 This means that specific gene expression 

patterns formed within a cell’s lifetime can affect and be passed on to the offspring rather than 

solely the available genes. This concept extends the neo-Darwin theory of evolution where 

Mendelian genetics and mutations dictate evolution and natural selection—evolution is now 

known to be passed as expression patterns based on selective pressures.8 Lenin et al. observed 

gene expression alterations in DNA-methylation patterns (a cellular method for gene silencing)9 

in Arabidopsis plants when starved of phosphate.10 In this instance, changes to gene expression 
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rates were passed on to that cell’s progeny. This exemplifies how an organism alters its gene 

expression in response to environmental stress such as starvation conditions, and the memory of 

such stress allows the future cells to better respond to such stress. 

Alterations to gene expression are common even without environment pressure. A classic 

example is the phenotypic difference between specialized tissues in multicellular organisms. The 

genes in a person’s body are all identical, but specific patterns of gene expression in specialized 

tissues (such as our skin or our liver) allow the cells to perform specialized tasks (like providing a 

protect barrier for our internal organs11 or metabolism12, respectively). This specialization occurs 

during cellular differentiation and embryonic morphogenesis.13,14 General gene expression 

patterns of specialized tissues, determined by DNA methylation, are (for the most part)15 locked 

in for the duration of such cells’ subsequent divisions. 

 DNA methylation directly impacts expression levels of a gene, but it is PTMs on proteins 

associated with chromatin that direct DNA methylation to occur. Rothbart et al. linked the 

maintenance of DNA methylation to lysine methylation on histone 3 lysine 9 (H3K9).16 This PTM 

colocalizes the protein human ubiquitin-like, PHD and RING finger containing 1 (UHRF1) to the 

site during the S-phase of mitosis, which recruits DNA methyltransferase 1 (DNMT1). DNMT1 

can then propagate the DNA methylation pattern to the duplicated strand of DNA. Thus, the DNA 

methylation mark is inherited by the daughter cell. Methylation is one means for inheritable 

transcriptional control, but other modifications such as acetylation or phosphorylation are also 

implicated in epigenetic regulation and transgenerational epigenetic inheritance.17  

 The Histone Code 

 The histone code hypothesis describes transcriptional regulation as arising from specific 

sets of PTMs on histone tails.18 These modifications can recruit proteins to a nucleosome by 

providing docking sites for PTM binding motifs within an effector protein, and/or simply altering 

the DNA-histone contact energetics.19 A PTM barcode simultaneously determines the interaction 

affinities between DNA, histones, and chromatin-associated proteins. 

 Schübeler et al. linked binary patterns of histone modification with general gene activity 

on euchromatic chromatin.20 They found a strong correlation between euchromatic (loosely 

packed chromatin with active gene expression) transcriptional activities with specific arrays of 

histone modifications. General hyperacetylation of histone 4 (H4) and histone 3 (H3) with 

hypermethylation at positions K4 and K79 of H3 was generally associated with active genes, 
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whereas general hypoacetylation and hypomethylation at such sites was associated with inactive 

genes. The rational for the observed difference in gene expression rates is that covalent 

modifications on histone residues consequentially modify the nucleosome’s physiochemical 

properties. As a result, PTMs adjust how the histone proteins within the nucleosome interact with 

proximal material. Lysine acetylation increases nucleosome solubility and fluidity by neutralizing 

the DNA-to-lysine charge-charge interaction.21 This allows transcription initiating proteins to bind 

and initiate transcription at a gene’s promoter. Lysine methylation is thought to provide a binding 

site for the transcriptional machinery and increase gene expression.22 

 Lysine methylation is a complex process that has contextual functions on histone proteins. 

Methylation does not change lysine’s charge state, so the effect of methylation on chromatin 

structure does not occur due to changes in electrostatic interactions. Of greater influence, lysine 

methylation provides a recruitment site for gene-regulating effector proteins. Proteins such as 

Polycomb homologs are known to bind methylation sites on histone proteins.23 The degree and 

position of methylation relative to a gene has an effect on transcription along with the type of 

chromatin. Additionally, the relative position and array of other PTMs also effect a chromatin’s 

gene expression.24 

 The exact mechanism of gene activation and gene silencing with the histone code is still 

up for debate. Many papers report conflicting roles of histone methylation. In a paper by Grewal 

et al.,25 hypermethylation of heterochromatin (transcriptionally repressed tightly packed 

chromatin) had the opposite effect of hypermethylated euchromatic chromatin. Heterochromatin 

hypermethylation was noted to cause gene silencing and euchromatic hypermethylation was found 

to cause gene activation.25 These findings contradict one another in terms of methylation state and 

gene activity. It may be that methylation serves opposing functions for heterochromatin and 

euchromatin.23 Another hypothesis for the conflicting role of histone lysine methylation is the 

influence of the methylated histone’s position relative to its regulatory gene. A study by Schneider 

et al. found that lysine methylation that occurred on the promotor region of a gene evoked gene 

silencing, while methylation at the coding region of the gene evoked gene expression.26 Overall, 

classifying casual relationships between histone lysine methylation and function is difficult to 

achieve directly.  
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 Non-histone modifications 

 Gene regulation by lysine methylation is not restricted to histone modifications.27 Non-

histone proteins offer transcriptional control—such as methylation of the transcription factor p53 

(as described in section 1.1.1). Gene expression is systemically regulated by non-histone PTMs 

such as phosphorylation28, acetylation29, glycosylation,30 SUMOylation,31 and methylation.32 

Histone PTMs alter how tightly transcription factors bind a nucleosome, but it is the localization 

of the transcription factors to the nucleus and DNA that allows transcription to initiate.30 Moreover, 

there is evidence that transcription factor PTMs are what predict the histone code.33 Binary histone 

codes have been correlated to gene expression rates, but the causality of gene expression is the 

transcription factors that bind a gene’s promoter or deposit the histone PTMs.34,35 Histone 

modifications fine tune expression by localizing the transcription factors to their cognate binding 

sites achieved with altered chromatin accessibility and molecular structure.36 The binding of 

transcription factors and chromatin-modifying enzymes are what facilitate transcription.37,35  

 Relative to histone methylation, non-histone methylation sites are scarcely studied. Parallel 

to our understanding of histone methylation, non-histone methylation is thought to regulate 

protein-protein interactions.38 However, the context and functional significance involved with 

non-histone methyl PTMs are largely unknown. Accumulating evidence has revealed the role of 

certain non-histone lysine methylations in the development and maturation of cancer. For example, 

alongside the p53 methylation discussed in section 1.1.1, methylation at K370 by ‘SET and 

MYND domain-containing protein 2’ (Smdy2) was also found to regulate p53 function.39 

Dysregulation of Smdy2 p53 methylation inhibits apoptosis—a smart mechanism cancer uses to 

evade death. This mono-methylation occurs at higher-than-average abundance within 

teratocarcinoma cancer cells.40 Zhu et al. explored the repression of wild-type p53 methylation 

within the teratocarcinoma cell line with lysine methylation. It was seen that NTera2 cancer cells 

had an abundance of p53 but the downstream p53-activated products of were not present. The 

hypothesis was that p53 lysine methylation by the methytransferases SMYD2 and PR-Set7 was 

repressing the protein’s transcriptional activation which results in oncogenic proliferation. 

Substitution of the lysine methylation sites or knock-downs of the methytransferases re-activated 

p53 (measured by the rescue of p53-activated gene products). This study is a beautiful example of 

how non-histone lysine methylation is a key player in gene expression regulation and is necessary 

in the maintenance of healthy cellular function. 
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1.2 Lysine methylation 

 The degrees of lysine methylation 

 
Figure 1.1 The three degrees of lysine methylation: mono, di, and trimethylation. KMT is a lysine 

methyltransferase that installs the methyl moiety, and KDM is the lysine demethylase that removes 

the methyl moiety. 

 

 Lysine methylation is a PTM that can occur in three degrees: mono, di, and tri (Figure 1.1). 

The enzyme lysine methyltransferase (KMT) catalyzes the transfer of the methyl moiety from the 

cofactor S-adenosyl-L-methionine (SAM) to the substrate lysine. The stepwise addition of methyl 

groups to lysine allows a controlled increase in the residue’s size and hydrophobicity when 

transitioning from the unmethylated state to a mono, di, then tri-methylated state. Additionally, 

each degree of methylation removes an N-H hydrogen bond donor. Each degree of methylation 

encoded on the same lysine yields a unique biological outcome—and the degree of methylation is 

thought to be contextually regulated by the availability of SAM and the balanced enzymatic 

activity of both methyltransferases and demethylases.41,42  

 Biological recognition of lysine methylation 

 Lysine methylation provides a transient binding site for protein-protein interactions. 

Proteins with aromatic binding pockets (termed ‘aromatic cages’) can bind methyllysines (Figure 

1.2).43 The bound protein can then provide a platform where a protein complex may scaffold—

which in turn relays signals downstream in a variety of signalling cascades.  
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Figure 1.2 Aromatic cage of Left: BPTF PHD-bromodomain module bound to H3KC4Me3 methyl 

lysine analog (PDB code 6AZE) and Right: Tudor domain of royal family protein 53BP1 bound to 

H4K20Me2 (PDB code 2IG0). Image created using PYMOL. 

 

 Two large classes of methyllysine binding proteins are currently known: (1) the royal 

superfamily and (2) plant homeodomain (PHD) zinc fingers. Figure 1.2 (left) shows the aromatic 

cage of the PHD zinc finger protein, Bromodomain PHD Finger Transcription Factor (BPTF) and 

Figure 1.2 (right) shows that of the royal family protein P53 Binding Protein 1 (53BP1). In spite 

of their dissimilar sequences, the royal superfamily shares remarkably similar recognition features 

to the PHD zinc finger. Both effector modules have convergently evolved aromatic cage 

recognition motifs, which recognize the lysine methylation modification.44 

Cation-𝜋 interactions between the aromatic residues and the methylammonium group 

largely mediate this energetically favourable interaction. This cation-𝜋 interaction occurs due to a 

partially negative quadrupole moment hovering above the face of the aromatic residue. This allows 

a perpendicular Coulombic attraction between the face of the aromatic and the methyllysine cation. 

Interaction distances are analogous to a van der Waals attraction.44,45 The trimethyllysine bound 

to the aromatic cage in Figure 1.2 left shows aromatic residues (Y10, Y17, Y23, and W32) lining 

the inner cavity to facilitate multiple cation-𝜋 interactions. The dimethyllysine bound to the 

aromatic cage in Figure 1.2 right is engaged by four aromatic residues (W1495, Y1502, F1519, 

Y1523) to form the cation-𝜋 interactions and to form a hydrophobic cavity. 

The aromatic cages are selective for different degrees of methylation because each 

methylation increases the methylammonium’s hydrophobicity and size. The large and open shape 

of the BPTF has more solvent accessibility which allows di and trimethyllysine-mediated 

displacement of frustrated water molecules (the hydrophobic effect).
46,47,48 Selectivity for mono 
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and dimethyllysines over trimethyllysine is caused by steric exclusion and hydrogen-bonding.47 

The narrow cavity of the 53BP1 domain makes this aromatic cage selective for lower degrees of 

methylations based on size exclusion. 

The hydrogen bonding potential of methyllysines also alters selectivity between the 

degrees of lysine methylation. The unmethylated lysine has three donors for hydrogen bonding, 

monomethyl has two, dimethyl has one, and trimethylated lysine has lost all its hydrogen bonding 

potential. The carboxylate oxygen atom on an acidic residue (D1521) of 53BP1 acts as a hydrogen 

bond acceptor for the dimethyllysine’s one remaining N-H hydrogen bond donor (Figure 1.3). This 

interaction is not possible for trimethyllysine because it lacks hydrogen bond donors, and this 

contributes to 53BP1’s selectivity for binding dimethyllysine.  

 

Figure 1.3 Left: Zoomed in hydrogen bonding (red dashed line) between tudor domain of royal family 

protein 53BP1 bound to H4K20Me2. Image created using PYMOL (PDB code 2IG0). Right: 

Structure of hydrogen bonding (red dashed line) of dimethyllysine with aspartic acid. 

 Future directions for lysine PTM research 

 The methylome (defined for this thesis as all protein methylation sites in the cell) is not 

fully characterized. Given that the number of known methyltransferase enzymes49 is comparable 

to the known number of kinases50, it is expected that the number of substrates bearing each PTM 

should be comparable. Yet, the number of known phosphorylated sites (~57k) outnumbers the 

known methylated sites (~7.4k) by almost 8-fold.51 This discrepancy occurs due to our lack of 

reagents that allows analysis of methyllysines on a large-scale—phosphorylation has many 

reagents that permit broad-spectrum discovery of this PTM.52 Analogous to the discrepancy 

between known methyltransferase and kinase substrates, the role of phosphorylation with cellular, 

developmental, and pathogenic processes is far better characterized than that of methylation.53,32 

The elusive role of methylation in the cell is largely derived from its incomplete landscape. To 
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comprehend the functional annotation of methylation, a complete picture of the methyl proteome 

must be characterized. The fact that methylation has comparable dynamics and number of 

installation enzymes to those of phosphorylation, and also demonstrates cross-talk with other 

modifications,32 strongly suggests that its cellular role is universal and fundamental. A better 

understanding of the methyl landscape is predicted to shed light on its mechanistic characteristics 

and its roles in disease. As with phosphorylation, methylation could be a target for disease 

diagnosis and therapy.38 Finding more methyl PTM substrates will help us better understand the 

many roles of methyl PTMs within the cell. 

1.3 Proteomics to Analyze PTMs 

 Data-dependent acquisition of the proteome with LC-MS/MS analysis 

 PTMs are predominantly discovered by liquid chromatography tandem mass spectrometry 

(LC-MS/MS). Proteins are isolated and purified, enzymatically cleaved by a protease, separated 

by LC, and then ionized by electrospray ionization (ESI) for mass analysis in a tandem MS 

instrument (Figure 1.4). 

 

Figure 1.4. Schematic workflow of proteomic analysis. 

 

Within the MS/MS analysis, precursor ions with the highest signal intensities are selected to 

undergo fragmentation, then are re-analyzed by a second mass analyzer as the product ions. The 

m/z of the precursor and product ions are then aligned to a pre-made ‘target’ database that contains 

a given set of protein spectra. The target database contains the predicted spectra of the sample’s 

known proteome that has been cleaved with a specified protease with an allowed set number of 

tolerated missed cleavages and variable PTMs. The precursor spectrum is compared to the target 

database to generate a list of matches, then the confidence of these matches is scored by aligning 

the product ion spectrum to the matches’ predicted fragmentation pattern (Figure 1.5). It is 

important that the proper database be used for proteomic data analysis. If an inappropriate database 

is used, then the findings do not carry validity.54  
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Figure 1.5 Workflow of MS/M-based peptide identification in data-dependent acquisition. 

 

The score represents the statistical level of confidence one has that the protein hit is in-fact the 

aligned protein identification. The higher the score, the better the match is between the theoretical 

product ion spectrum and the more intense peaks within the experimental product ion spectrum.  

 Incorrect protein identifications are of great concern within proteomics. As such, additional 

statistical validation methods are implemented to increase the stringency of protein hits. False 

positive identifications are filtered out by assigning the same dataset a ‘false positive score’. This 

is achieved by re-aligning the spectra to a ‘decoy’ database.55 The decoy database is a reversed or 

scrambled version of the real target database. The protein hits that align to the decoy database are 

considered false positives, and these identifications are assigned false positive scores. Once the 

experimental data has been aligned to both the target and decoy databases, a false discovery rate 

(FDR) is assigned at a given score.55 
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Figure 1.6 Scoring function of decoy and target hits to filter out false positive identifications. 

 

The FDR is usually set to ~0.1 (dashed line in Figure 1.6). This sets the threshold score at which 

target hit scores are accepted as true identifications. With this logic, ~10% of the target 

identifications will be false positives based on this target-decoy method. This method depresses 

the number of low-scoring identifications resulting from random false matches based off of 

chance.   

 The dynamic concentration range of the proteome 

 Discovering and analyzing novel PTM marks is challenging. In order to discover novel 

methylation sites, the methylated peptides must be detected in LC-MS/MS analysis. Within the 

dynamic concentration range of proteins within the proteome, PTMs occur on a small subset of 

the proteome. And once the complexity of the sample exceeds the instrument’s duty cycle,  only 

the highest abundance peptides from the precursor spectrum undergo fragmentation.56 Thus, the 

low abundance PTM peptide signals are masked in MS/MS experiments by the signals from more 

abundant unmodified peptides.57 In order to analyze the signal of PTM proteins, one must increase 

their concentration above the highly abundant unmodified peptides. Because of this, PTM 

enrichment is vital for PTM protein discovery. 

1.4 Antibody-based PTM enrichment 

 Overview of antibodies 

 Antibodies are composed of two disulfide-linked polypeptides that form a Y-shaped 

glycoprotein of ~150kDa (Figure 1.7).58 The ‘variable domain,’ controls antigen specificity 

(Figure 1.7 right, blue). The constant domain (Figure 1.7 right, orange) is recognized by the host’s 

immune system and signals the appropriate immunological response (Figure 1.7 right).  
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Figure 1.7 Colour coded antibody structures of Left: light (red) and heavy (green) chains  and Right: 

Variable domains (blue) and constant domains (orange). Carbohydrate PTMS are labelled yellow. 

Image created with PYMOL (PDB code 1IGT) 

  

Antibodies are a part of the adaptive immune response of our humoral immunity. Matured 

B cells secrete (or remember how to secrete) the antibodies. Before B cells obtain the ability to 

secrete antibodies, the antibody is first expressed as a membrane protein (termed ‘B cell receptor’ 

[BCR]). The BCR remains immature until a foreign antigen stimulates maturation.59 Each 

individual B-cell produces many antibodies with an identical variable region sequence/antigen 

specificity. There are millions60 of these immature B cells with unique variable domains that reside 

in our secondary lymphatic organs awaiting an antigen to cascade their activation response. When 

a foreign antigen binds their BCR with sufficient affinity, the immature B cell proliferates and 

differentiates into an effector cell, and then a plasma cell—both of which can secrete a soluble 

version of the BCR (now called antibody). Genomic rearrangement machinery61 involved in 

immunoglobin class switching changes out the BCR’s constant region for henceforth soluble 

antibody production. 

 Antibody production for research applications 

 Antibodies are widely utilized within research. These proteins can be manufactured in-

lab62 for use as specific molecular detection probes or to discover novel protein modifications. To 

manufacture antibodies, the immunogen that would be probed must be produced; then an animal 

must be immunized with such immunogen.62 Subsequently, the animal’s antibodies are collected, 

screened for desirable antigen specificity, and purified. From this process, a mixed population of 

antibodies (termed ‘a polyclonal antibody’) that bind different areas of the same immunogen 
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would be produced. Different polyclonal antibodies are produced from each different 

immunization of an animal, even when the same immunogen is used.63 

This process becomes more laborious and costly when the goal is to isolate and produce a 

population of identical antibodies. These are called ‘monoclonal’ antibodies—antibodies derived 

from one unique B-cell lineage.63 To produce monoclonal antibodies, an immortalized B-cell is 

produced by fusing mature B-cells membranes with immortal myeloma cells.64 Then, antigen 

specificity of all the successfully produced hybridoma cells would be assayed. Clones that produce 

the antibody that bind the epitope of interest are kept. The stock cells produce high quality 

antibodies with the intended specificity, but long-term hybridoma propagation can produce issues. 

B-cells are living dynamic organisms that are susceptible to genetic mutations and rearrangements. 

Over time, the antigen specificity of monoclonal antibodies changes.64 Genome sequencing and 

antibody specificity must be routinely checked (though it seldom is).65 

The problems outlined above for polyclonal and monoclonal antibodies are a large part of 

the ‘reproducibility crisis’ of biomedical research—the inability to reproduce biomedical 

experiments because of lot-to-lot divergence of antibody specificity. Faulty antibodies are either 

non-specific for the intended target, or (even worse) specific for a different protein.65,66 The 

divergence of antibody specificity is emerging as a major issue for researchers who rely on these 

antibodies.  

 Recombinant antibodies (rAbs) have emerged as an alternate method to produce 

monoclonal antibodies without the use of hybridoma cells. With the use of synthetic genes, these 

proteins are produced in vitro. The B-cell’s antibody gene is amplified and cloned into a phage 

vector/plasmid, then expressed in a host (usually E. coli).67 Unfortunately, the cloned antibody 

product lacks the proper placement of the glycosylation (a PTM) that is vital for proper function 

(refer to Figure 1.7, yellow).68 As a result, recombinant antibodies may recognize an antigen, but 

maybe not the one that was screened from the original B-cell. rAb production by a mammalian 

host produces the “human” glycosylation patterns69 but currently this expression system is costly, 

and the yields aren’t ideal yet.70 Regardless, this system produces monoclonal antibodies that are 

useful for research.  

 Pan-specific antibody enrichment 

 Enrichment using pan-specific antibodies is important for PTM discovery. The previous 

section detailed the production of polyclonal or monoclonal antibodies specific for an antigen of 
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interest. With polyclonal antibodies, ‘pan-specific’ antibody batches are produced—antibodies 

that can detect all sequences that hold a specific PTM, without discriminating between different 

peptide sequences surrounding the PTM. For example, pan-specific anti-acetyl lysine antibodies 

can be generated by immunizing rabbits with artificially acetylated ovalbumin and synthetic acetyl 

lysine peptides.71 With the use of acetic anhydride,72 acetyllysine carrier proteins and peptides are 

generated as antigens with highly variable flanking amino acids. Though the small acetyl moiety 

offers low antigenicity, its unique structure gives it enough variation in chemical and physical 

properties to be differentiated for antibody enrichment. Following immunization, a polyclonal pool 

of sequence-independent pan-specific antibodies are generated based on the sheer diversity of 

sequence recognition—a key factor since cellular acetylation does not have a single consensus 

sequence. 

Even with the promise of immunoprecipitation associated with acetyllysine enrichment, 

antibody enrichment is still limited by their availability, quality, stability, reproducibility, and most 

problematically, their continual issue of sequence recognition bias.73 The sheer diversity of the 

polyclonal cocktail makes the antibodies pan-specific, but not all possible sequences are covered 

in each batch. Pan-specific antibodies provide enrichment that varies from antibody to antibody in 

each polyclonal cocktail batch.74 Thus, reproducibility is not well maintained from batch-to-batch. 

Moreover, antibody stability is another issue. Antibodies are highly susceptible to degradation and 

denaturing, making them an unstable research tool.75 

 Immunoaffinity enrichment of methyllysine for LC-MS/MS analysis 

 Immunoaffinity enrichment using pan-specific PTM antibodies permits discovery of low 

concentration PTM-bearing proteins in LC-MS/MS analysis. Of all the PTMs, lysine acetylation76 

is the main modification that can be enriched by immunoprecipitation. Methylation has also been 

enriched by immunoprecipitation,77 but less successfully.  

 Antibody-based methods dominate the field of methyllysine enrichment. Animals are 

immunized using chemically methylated keyhole limpet hemocyanin (KLH).78 But unlike 

acetylation, the methyl modification does not significantly alter the residue’s charge and causes 

the smallest possible changes to its physicochemical properties. With that lies the challenge to 

develop methyllysine specific antibodies with reasonable selectivity. The methyl moiety does not 

provide high immunogenicity to produce selective methyllysine antibodies or antibodies that can 

differentiate between the degrees of methylation with high selectivity. This is because antigen 
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binding affinity is relative rather than absolute. If the difference in antigen affinity between the 

methyl and non-methyl antigen is low, then the antibody will compete for binding for both antigens 

with high cross-reactivity. Hence, promiscuity. 

 Binding affinity must be relatively strong to interact with the intended ligand over the 

competitive ligands. The small physiological difference between any degree of methylation versus 

the non-methyl variant does not pose enough difference for the antibody to properly distinguish 

between one another. The antibodies thus interact with ‘off-target’ proteins and skew research 

results.79 Perez-Burgos et al. characterized some problems with methyllysine histone antibodies 

sold by Upstate Biotechnology, USA, and Abcam, UK.80 They reported issues of off-target 

recognition, undesired sequence specificity, and issues with distinguishing between methylation 

states. Sub-optimal and/or less-specific batches were not reported by such companies. In this most 

thorough published side-by-side comparison of methyl-specific antibodies provided by multiple 

commercial sources, five anti-methyllysine antibodies were used to enrich from the same HeLaS3 

cell extract.81 Methyllysine antibodies performed worse than methylarginine immunoprecipitation. 

Fifty-four methyllysines were identified via immunoprecipitation compared to 254 

methylarginines. Sub-cellular fractionation outperformed the methyllysine antibody enrichment 

which resulted in the identification of fifty-eight methyllysines. This demonstrates the limited 

detection of methyllysines with antibody enrichment and the issues of antibody methyl 

enrichment.  

The only commercially available pan-specific methyllysine monoclonal antibody claiming 

to be specific for a single degree of methylation is sold by Cell Signalling Technology (Mono-

Methyl Lysine [mme-K] MultiMab™ Rabbit mAb mix #14679). The company claims the mono-

methyl lysine antibody to be pan-specific and selective with minimal cross-reactivity for the di 

and tri methylated lysine and methylated arginine. The manufacturer provided results from an 

enzyme-linked immune assay (ELISA) to demonstrate the specificity of the antibody and a western 

blot to demonstrate the selectivity. The ELISA results showed an 8-fold increase in signal intensity 

for the monomethyl lysine relative to the unmethylated and trimethylated lysine and methylated 

and unmethylated arginine. A 4-fold increase in signal for the monomethyl relative to the dimethyl 

lysine was also seen. From these ELISA results, the pan-specific monomethyl lysine antibody was 

selective for the monomethylated lysine, but also demonstrated binding to the di methylated lysine. 

As for western blot analysis of the antibody’s selectivity, the company compared MCF7 cells 

treated and untreated with adenosine-2’,3’-dialdehyde (AdOx) [a histone methyltransferase 
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inhibitor of lysine and arginine methylation]. GAPDH was stained with (D61H11) XP® Rabbit 

mAb #5174 as a loading control. In theory, if the antibody was selective for monomethylated 

lysines, then the treated sample bands would show lowered staining intensity due to inhibition of 

histone methylation. Both the untreated and treated lanes of the western blot had numerous bands 

with variable intensities between the conditions. Based on the western blot analysis, the pan-

specific methllysine antibody is not selective for endogenous monomethylated lysine. Mono-

Methyl Lysine [mme-K] MultiMab™ Rabbit mAb mix #14679 has no citations or reviews. Other 

examples of poor pan-methyllysine performance can be found in the online quality control 

repository www.histoneantibodies.com.82  

1.5 Non-antibody PTM enrichment and discovery 

 Due to the shortcomings associated with antibody enrichment strategies, many antibody-

free PTM enrichment strategies have been developed. This section will detail the antibody-free 

enrichment technology currently used for PTM analysis, with the main focus being the strategies 

developed for lysine methylation.  

 Protein pull-down enrichment 

 A naturally occurring sequence-independent methyl binding protein has been modified, 

developed, and used as a pulldown reagent. Gozani and coworkers established a pull-down 

protocol with the engineered protein 3x malignant brain tumor domain (3xMBT).83 This domain 

has pan-specific affinity for mono- and dimethyllysine proteins. In tandem with stable isotope 

labelled amino acid cell culturing (SILAC), their protocol identifies candidate methylated proteins 

or compares methylation states between different biological conditions. Their enrichment is only 

effective with undigested proteins since protein capture of peptides demonstrates high binding 

promiscuity. Interactions outside the peptide region may elicit binding. As a result, this method 

analyzes the entire sequence of all pulled-down proteins. Hence, the exact site of methylation is 

not always seen in LC-MS/MS analysis due to the presence of the non-methylated peptides also 

arising from the pulled-down methylated protein.  

 Chemical derivatization for PTM enrichment 

 There is high promise for a protocol that combines chemical peptide derivatization with 

ion exchange-based enrichment.84 Two reagents [malondialdehyde (MDA) and o-phthalaldehyde 
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(OPA)] are added to peptide digests, one each for reacting with and neutralizing unmethylated 

arginines and lysines (Figure 1.8 top).84 

 

Figure 1.8 Top: Chemical blocking of arginine with malondialdehyde (left) and lysine with o-

phthalaldehyde (right). Bottom: lack of reactivity of (left) malondialehyde with methyl arginines 

represented with symmetric di methylarginine and (right) o-phthalaldehyde with methyllysines 

represented with trimethyllysine. 

 

Strong cation exchange chromatography then enriches the unreacted, still cationic methylated 

arginines and lysines (Figure 1.8 bottom). This method yields hundreds of methylated peptide hits, 

with a very desirable low sequence bias. Widespread adoption has been limited because the 

derivatization reagent, MDA, is unstable for storage. The highly acidic conditions of MDA 

derivatization and/or the basic conditions of OPA derivatization result in unwanted peptide 

hydrolysis.85 

Chemical labelling of the PTM citrulline is a method for proteomic discovery and detection 

of citrullinated proteins.86 In contrast to chemical derivatization with OPA and MDA, the PTM 

itself is modified for detection. Citrullinated proteins are labelled with biotin-conjugated 

phenylglyoxal (biotin-PG) to produce a citrulline specific probe (Figure 1.9).  
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Figure 1.9 Citrulline post-translational modification labelling with biotin-conjugated phenylglyoxal. 

Top: Structure of biotin-conjugated phenylglyoxal. Bottom: Synthesis of the citrulline-specific 

chemical labeling with biotin-conjugated phenylglyoxal. The R group in the bottom panel is the 

portion shown in blue in the top panel.  

 

The biotin-PG moiety provides a powerful chemical handle for citrulline enrichment. This method 

can discover citrullinated proteins or be used to characterize protein arginine deiminases (PAD)s. 

To discover citrullinated proteins, the modified citrulline containing proteins can be pulled down 

with streptavidin beads and digested on-bead. Then, the peptide fragments are analyzed by LC-

MS/MS to determine which protein are citrulline substrates. To characterize PADs, citrulline 

proteins are detected in a control cell line and over-expression PAD cell line. Citrullinated proteins 

that are significantly enriched in the over-expression cell line are considered candidate PAD 

substrates.86 

 The biotin-PG label can also be used for citrulline detection with an ELISA.86 The labelled 

proteins are adsorbed to an antibody-coated microwell plate that is specific to the protein of 

interest. Then, the antibody immobilized protein is bound to streptavidin-horseradish peroxidase 

(HRP) by the biotin handle. Citrullination is then quantified by incubating the microwells with a 

fluorescent HRP substrate to produce a quantifiable signal.  

There are a few disadvantages to biotin-PG for citrulline analysis. The exact citrullination 

position cannot be determined since it remains conjugated to the bead. This could be fixed by 

producing a cleavable linker, which was stated to be under development by the authors of this 

method.86 Also, the concentration of citrullinated protein cannot be differentiated from the overall 
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protein concentration. Regardless of these disadvantages, the biotin-PG provides a powerful 

chemical handle for isolation and detection of protein citrullination.  

 Direct chemical binding for enrichment of PTMs 

 Phosphopeptides are enriched by using solid-phase reagents that directly bind the phospho 

PTMs. The most common examples are immobilized metal affinity chromatography (IMAC) or 

titanium dioxide beads. Phosphorylated peptides are enriched by exploiting chemical bonding 

between the anionic, strongly coordinating phospho groups and metal-containing solid supports.52 

This method is more selective than antibody enrichment of phosphorylated peptides because 

enrichment is achieved by directly coordinating to the PTM rather than binding in any way at all 

to the peptide’s surrounding sequence. Chelation of the phospho moiety can be achieved with 

either zirconium or titanium metal ions bound to the resins nitrilotriacetic acid (NTA) or 

iminodiacetic acid (IDA) (Figure 1.10). 

 

Figure 1.10 Chelation of phosphoryl moieties with Right: TiO2 and Left: IMAC using the resin 

nitrilotriacetic acid 

 

Pan-phospho enrichment is highly effective and widely used in studies of the phospho 

proteome. A paper by Thingholm et al. stated that their titanium dioxide enrichment protocol 

enriched 2634 HeLa cell phosphopeptides with 88% selectivity.87 Selectivity of the High-Select™ 

TiO2 Phosphopeptide Enrichment Kit branded by Thermo Scientific™ is reported to be around 85 

– 95% selective for phosphopeptides over non-phosphopeptide—a high value due to optimized 

binding buffer composition to supress non-specific interactions with the affinity reagent. Thanks 

to this and other commercially available reagents, enrichment-powered phospho proteomics is a 

routine service offered in most major proteomics centre in the world.88 

 Advantages and disadvantages of chemical enrichment 

 Chemical enrichment is advantageous over antibody enrichment due to reproducibility of 

reagent production and lowered sequence recognition bias. Reproducibility of reagent 
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manufacturing is better controlled when a biological system is not involved. Polyclonal antibodies 

are heterogeneous mixtures, and each batch of polyclonal antibodies is unique, so poor 

reproducibility is a major drawback for this form of reagent.89 This makes the synthetically 

produced reagents, for the most part, much more accessible and predictable than cocktails of 

biologically produced polyclonal antibodies. Monoclonal antibody production is much more 

consistent, but their sequence recognition bias90 inhibits their ability to perform pan-specific PTM 

enrichment.82 Sequence recognition bias is less of an issue for chemical enrichment with 

derivatization strategies because the PTMs are pulled down by sequence-independent 

mechanisms. For example, chemical labelling of the PTM citrulline with biotin-PG allows direct 

pull-down of the citrullinate proteins by the covalently bound probe.86 Additionally, chemical 

derivatization with OPA and MDA allows enrichment of the methylated lysines and arginines 

based on their positive charge rather than flanking sequences.84 But sensitivity is lost in the methyl 

arginine and lysine enrichment with ion exchange-based enrichment because histidine remains 

unblocked and charged. Therefore, histidine-containing sequences will contaminate this methyl 

arginine and lysine enrichment.84  As for phosphopeptide enrichment with IMAC or TiO2, 

sequence recognition bias has been reported, but is minimal.91 Regardless, phosphopeptide 

enrichment has demonstrated robust reproducibility and selectivity that cannot be achieved by 

polyclonal PTM-enriching antibodies.92 

Side reactions when using derivatization reagents pose an issue for proteomic analysis. For 

example, MDA is unstable, so the reagent is substituted with 1,1,3,3-tetraisopropoxypropane 

(TiPP) as a protected version of MDA. TiPP hydrolysis produces MDA, but could also result in 

unwanted protein esterification.93 Unpredicted side reactions will produce aberrant mass shifts that 

are not inputted into the proteomic database used for spectral alignment and identification. As 

such, the unpredicted esterification will increase FDRs of methylated peptides.84 

Methylation is difficult to target for direct binding by chemical reagents. Unlike 

phosphorylation, the methyl modification does not significantly alter the residue’s charge—it 

causes the smallest possible changes to a residue’s physicochemical properties. As such, the 

physicochemical properties of lysine methylation are much more difficult to exploit for chemical 

enrichment. With that, a comparable, chemically based, pan-specific enrichment strategy for cell-

derived methyllysines, like phosphopeptide IMAC enrichment, has not yet emerged.  
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1.6 Calixarene-based methyllysine enrichment 

 Binding interaction between calixarene and methyllysine 

 

Figure 1.11 Structural comparison of the binding interaction between KMe2 with Left: the 

methyllysine binding domain BPTF PHD-bromodomain (PDB code 2FSA) and Right: p-

sulfonatocalix[4]arene (PDB code 4N0J). Images created using PYMOL. 

 

The supramolecular host p-sulfonatocalix[4]arene is a macrocycle that has similar binding 

characteristics to those of methyllysine binding domains. Figure 1.11 (left) depicts the PHD zinc 

finger protein, BPTF. The four aromatic residues of the protein cage create a hydrophobic pocket 

lined with quadrupole-mediated partial negative charges. The diffuse positive charge of the 

methylammonium moiety inserts with into the complimentarily charged aromatic pocket to form 

cation-𝜋 interactions. Figure 1.11 (right) illustrates the binding interaction of p-

sulfonatocalix[4]arene and its KMe2 guest. The calixarene’s benzene rings act as the aromatic 

residues do in the aromatic cage of the protein to accommodate the dimethyllysine guest with 

cation-𝜋 binding interactions.94  

 Selectivity of p-sulfonatocalix[4]arene 

The binding selectivity to the p-sulfonatocalix[4]arene is between 9 – 41 fold greater for the 

methylated lysine over the non-methyllysine.95 This is due to the size, shape, and electrostatic 

properties of the calixarene cavity and methylation on the lysine.96 

The weak binding of the unmethylated lysine with calixarenes is well understood. The 

unmethylated lysine enters the cavity sideways, by bending its methylene chain and hydrogen 

bonding to the calixarene’s upper rim sulfonates. The calixarene’s inner cone shape pinches 
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around lysine to increase van der Waals contacts between one or more benzenes and lysine’s 

hydrocarbon chain.97 The lysine’s amino group is positioned off-centered to form a hydrogen bond 

with two of the upper-rim sulfonate group. Shallow occupation of the cavity is achieved. Other 

calixarene binding conformations can take place between lysine and p-sulfonatocalix[4]arene, but 

with partial solvation and higher energy. 

The strong binding of the p-sulfonatocalix[4]arene to trimethyllysine is driven by cation-𝜋 

interactions and the hydrophobic effect.95 The methyl groups of trimethyllysine bury deep within 

the cavity. As previously discussed, the cationic charge of the methylammonium sidechain is 

distributed amongst the methyl groups. The methylated lysine can thus make favourable 

interactions with all four faces of the cavity which allows full exclusion of water from the cavity. 

Additionally, the trimethylated lysine has lost its ability to hydrogen bond to the upper rim of the 

calixarene or hydrogen bond to solvent. As such, the hydrophobic effect largely drives the deep 

insertion of the trimethyllysine deep into the calixarene cavity with its CH2ε with exclusion of 

CH2γ and CH2β from the pocket.95 For trimethyllysine, deep insertion was the only observed 

binding interaction with the calixarene observed in x-ray crystallography.97 

 Proof-of-concept methylated peptide affinity enrichment 

 
Figure 1.12 A first-generation methyl peptide affinity reagent. The structure of the upper-rim 

modified, calixarene-based enriching column is shown, along with a typical chromatogram arising 

from studies with histone-derived peptides. The retained peak at 60-80 minutes contains more 

methylated peptides. See text for more details. 
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In 2016, Garnett et al. reported the first enrichment method for methyl PTMs using an upper-

rim modified calixarene-based chemical affinity reagent.98 A sulfonated calixarene, prepared in 8 

synthetic steps and 2% overall yield, acts as an anionic supramolecular host, which forms selective 

host-guest complexes with di- and trimethylated lysine residues. The host is coupled to agarose 

support for affinity chromatography. Its use on purified methylated peptides showed a proof-of-

concept ability to selectively retain methyllysine-containing peptides from a commercially 

available extract of calf thymus histones. 38 unique proteins were discovered with ≥50% 

confidence, and 26 methylation sites were observed within the retained fraction. Its use on complex 

cell lysates was not demonstrated. Unpublished work in the Hof group that followed the 

publication of this first paper showed that this affinity column would not show any sample 

retention when it was used on more complex samples like cell lysates. This was either due to some 

contaminating component in the cell lysate that impacted the performance of the calixarene-based 

column, or due to some inherent shortcoming in the calixarene reagent itself. In any case, the 

complex, multi-step chemical synthesis of this reagent severely limits its availability and so further 

development of this upper-rim modified reagent was stopped. At the outset of this thesis work, a 

lower-rim modified calixarene-based reagent had just been developed. 

1.7 Thesis objectives 

 The objective of this thesis is to develop an optimized method for pan-methyl proteomics 

using affinity enrichment. My path was to develop the chemical enrichment of methyllysines from 

complex cell lysate with the use of a calixarene-based affinity column. The proof-of-concept 

calixarene affinity reagent reported by Garnett shows promise but lacks the ability to enrich 

complex samples from cell lysates and other real-world biological sources. This thesis reports the 

use of a modified version of Garnett’s host (now termed ‘MethylTrap’) that can be prepared in 

one step from readily available materials. Additionally, this thesis reports sample preparation 

protocols for mammalian and yeast cell lysates which allow retention of large numbers of peptides 

by the MethylTrap column. By implementing optimized sample preparation prior to enrichment, 

hundreds of methylated peptides were identified in cell lysates (Chapter 2). Reproducibility of 

MethylTrap enrichment and the biological implications of the methylated peptides identified were 
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scrutinized in Chapter 3. The MethylTrap shows significant promise as a future tool for 

methyllysine prospecting and profiling.  
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2 Chapter 2: Optimizing MethylTrap enrichment 
 

Contributions 

 

I optimized the MethylTrap synthesis, protein purification, alkylation, digestion, and 

MethylTrap enrichment with assistance from Mark Grasdal. Mark Grasdal analyzed the effects of 

different proteases on the number of methylated peptides discovered. Mark also performed the 

batch binding column buffer exchange step, and tested the lower versus upper-rim modified p-

sulfonatocalix[4]arene retention efficiency.  
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2.1 Introduction: Addressing the shortcomings of the first 

generation MethylTrap 

 The upper-rim modified MethylTrap reagent had two serious shortcomings: it didn’t work 

well on complex cell lysates, and the arduous, multi-step chemical synthesis of this reagent 

severely limited its availability.98 Optimization of Garnett et. al’s MethylTrap enrichment 

column98 was required. 

 This thesis aims to use the MethylTrap column to pan-specifically enrich the methyllysine 

containing peptides from lysates derived from whole cells. At the outset of this research, a lower-

rim modified calixarene had demonstrated proof-of-concept methyllysine binding selectivity but 

had not demonstrated its applicability to lysate enrichment. The column retained commercially 

available purified calf histone peptides but could not retain peptides derived from cellular lysates. 

My goal was to achieve methyllysine retention, and to demonstrate that unique methylated 

peptides can be identified after enrichment that would otherwise not be observable in a proteomics 

experiment. This would establish the MethylTrap column as a new research tool for methyllysine 

prospecting and discovery. This Chapter includes the work done to optimize sample preparation, 

MethylTrap preparation, and MethylTrap operation; exemplary proteomics data that demonstrate 

the performance of the MethylTrap method; a discussion of the results; and finally, an appendix 

that describes the complete optimized procedure in the form of a highly detailed “Protocols” paper. 

2.2 Making MethylTrap work for global methylated protein 

analysis: considerations 

 Goals for this Chapter 

My first goal was to improve protein extraction yields from cell lysates while maintaining 

down-stream compatibility with affinity enrichment methods.  

My next goal was to remove non-protein cellular debris from the lysate to optimize binding 

to the MethylTrap column. 

My final goal was to optimize the number of methylated peptides identified. 

 Maintaining down-stream compatibility in sample preparation 

 The most crucial factor when preparing a sample for proteomic analysis is maintaining 

compatibility of the sample with down-stream analysis. Proteomic LC-MS/MS is a sensitive 

technique that is not compatible with many reagents that are routinely used in protein and peptide 
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biochemistry protocols. This drastically limits what reagents can be used for sample 

preparation/purification. Many detergents, polymers, cryoprotectants, non-volatile buffers, etc. are 

incompatible with proteomic mass spectrometry.99 Detergents and certain polymers competitively 

ionize in the electrospray source along with the analytes of interest, which causes peptide ion 

signal suppression.100 Also, adducts are formed by some non-volatile salts and buffers that supress 

analyte ionization. Even the cryoprotection reagents, such as glycerol, that are used for cell storage 

are detrimental to the LC. One must avoid the addition of these compound or remove them prior 

to LC-MS/MS to achieve successful analysis. 

 Polyethylene glycol (PEG) contamination must be avoided to reduce spectral convolution 

and competitive ionization during LC-MS/MS analysis. From my own experience during this 

project, PEG is the most common contamination that is unintentionally introduced during sample 

preparation. PEG contamination is introduced when using equipment that leaches polymer into the 

sample or when using low-purity reagents for sample preparation.105 When present, ion 

suppression of the target ions occurs during ionisation of LC-MS/MS.101 LC separates the 

polymers across the chromatogram which allows it to interfere with ionization of most eluting 

peptides.102 The reason for ion suppression by this non-volatile reagent has not been definitively 

described to date, but PEG may change the spray droplet properties during ESI103 or induce analyte 

precipitation which inhibits liquid to gas phase-transfer104. This narrows the range of detection by 

decreasing the number of ionized peptides. The compatibility of solvents with equipment and use 

of high purity reagents must also be considered when preparing the sample for LC-MS/MS 

analysis.  

2.3 Customizing sample preparation for optimal MethylTrap 

retention 

Figure 2.1 gives an overall view of the optimized protocol that was developed. The 

optimization of each step will be reported individually in the following sections. Refer to the 

supporting information for the final detailed step-by-step protocol. 
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Figure 2.1 Schematic diagram of the optimized MethylTrap enrichment protocol. 

 I. Cell lysis protocol 

 The first step of proteomic analysis is protein extraction from a biological source. I chose 

two different sources for this work due to their accessibility: cultured cancer cells and 

commercially sourced brewers’ yeast. Mammalian cells, human prostate cancer cell line (PC-3), 

were grown to 80% confluency in two T-175 flasks; or, an aliquot of brewers’ yeast was collected 

from the bottom of Phillips Brewing & Malting Company’s (“Phillips”) fermentation vessels. Both 

samples were washed with buffers a minimum of three times to remove exogenous material 

surrounding the cells. Refer to the method section for a detailed description of the lysis protocol.  

 Mechanical and physical lysis does not introduce LC-MS/MS incompatible reagents to the 

sample, thus making it a better suited method than chemical lysis. Chemical lysis is a common 

cell lysis method that uses detergents which, when added to cells, creates pores in the cell’s 

membrane to release the intracellular material.106 Chemical lysis with detergents was used in an 

early, non-optimized version of the nuclear extraction protocol, which disrupted LC-MS/MS 

analysis downstream.107 To overcome this limitation, the earlier procedure implemented a 

detergent removal column, but this resulted in a 30% sample loss following protein extraction. In 

contrast, mechanical and physical lysis physically breaks the cell membrane with force.108 No 

foreign reagents are introduced with this lysis method. As such, I chose mechanical and physical 

lysis for the optimized protein extraction method based on its LC-MS/MS compatibility. 

Protein extraction optimization increased yields by 33-fold without introducing LC-

MS/MS incompatible reagents (Table 2.1). In the optimized protocol, a combination of osmotic 

shock and bead beating methods successfully extracted 2 mg protein per 1 × 107 mammalian cells 
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(Table 2.1). To lyse cells while avoiding the introduction of incompatible reagents (e.g. detergents), 

PC-3 cells were suspended in diH2O supplemented with protease inhibitor. The hypotonic pressure 

between the de-ionized water and cytoplasm enclosed by the fragile cell membrane caused the 

cells to burst and release the lysate. To ensure complete lysis of all the organelles’ membranes, 

seven rounds of high-speed vortexing were performed in the presence of acid-washed glass beads. 

The lysate was passed through a 21½ gauge needle, which further lyses the cells with shear force 

and reduces the lysate’s viscosity by shearing the released DNA. Observation under a microscope 

indicated complete mammalian cell lysis—intact cells were not observed. 

Table 2.1 Protein extraction optimization yields for PC-3 mammalian cells.  

Lysis method Number of cells Protein yields (µg) 
Protein (μg) / 1 x 107 

cells 

Mechanical lysis for 

whole cell extraction 
2.7 x 107 cells 5000 2000 

Chemical lysis for 

nuclear extraction 
3.6 x 107 cells 200 60 

 

 Yeast cells were more difficult to lyse than mammalian cells. Suspension in a hypotonic 

solution is not enough to disrupt their robust cell wall. Moreover, mechanical disruption with 

glass-bead vortexing did little to lyse the cells (data not shown). Several rounds of aggressive 

sonication followed by glass-bead mechanical lysis (the same as for mammalian cells) led to 

sufficient lysis without needing any detergents or other reagents that may affect downstream steps 

(proteolysis, MethylTrap enrichment, LC-MS/MS, etc.). Yeast lysis efficiency was also 

scrutinized by light microscopy. Not all the cells ended up being lysed, but subsequent work 

showed that the lysing efficiency was sufficient for proteomics studies. Also, the supply of yeast 

cells was virtually infinite, so using more cells to extract a sufficient amount of proteins made up 

for incomplete lysis efficiency. Intact cells were removed by centrifugation.  

 II. Fully denaturing the proteins 

 Cysteine alkylation is a widespread practice that increases identification in proteomic 

analysis. Alkylating the cysteine residues lowers protein folding stability by inhibiting disulfide 

bonding between cysteine residues.109 This increases accessibility of the protein backbone for 

subsequent proteolytic cleavage and enhances ionization efficiency signal intensity.110  
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Figure 2.2 The alkylation of a reduced cysteine residue using iodoacetamide to produce a 

carbamidomethyl moiety. Refer to steps 46 – 48 in the SI for the detailed reduction and alkylation 

protocol.  

  

Reduction and alkylation of cysteine residues is a frequent practice to maintain proteins in 

their denatured states.111 The protein extract was diluted into a solution with a final concentration 

of 3.5 M guanidine hydrochloride (denaturing agent) and 10 mM dithiothreitol (DTT) (reducing 

reagent). The proteins are left to denature and reduce for 30 minutes at 65℃. Once denatured, 50 

mM iodoacetamide (IAA) was added to alkylate the cysteine residues and DTT (Figure 2.2). To 

avoid side-reactions of IAA with the proteins, alkylation was performed in the dark at ambient 

temperatures (~22℃) for a strict 30-minutes. 

 III. Avoiding premature elution from the MethylTrap column by 

sample purification 

 The upper-rim modified calixarene column bound peptides derived from the digest of 

purified histone extracts, but not to peptides derived from cell lysates. This may be due to the 

cellular debris and other biomolecules that are present in the cell lysate. The cell contains all sorts 

of molecules—lipids, DNA, RNA, metabolites, proteins, and more. These molecules could 

compete for binding with the MethylTrap resin or the peptides themselves, so their removal was 

speculated to aid methyllysine retention. Without removing the non-protein cellular debris, all the 

molecules eluted from the column (Figure 2.3). 
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Figure 2.3 MethylTrap enrichment of cell-derived protein extracts requires protein purification 

prior to column enrichment for successful column retention. Absorbance was read at 280 nm to 

observe when the peptides eluted from the column, and conductivity was used to observe when the 

elutant was added to the mobile phase to elute the retained peptides. The left chromatogram 

demonstrates unsuccessful binding of trypsin digested PC-3 proteins without methanol/chloroform 

protein precipitation. The right chromatogram demonstrates successful binding of trypsin digested 

PC-3 proteins with methanol/chloroform protein precipitation.  

  

Numerous protein purification methods have been developed, but chloroform/methanol 

protein precipitation was chosen based on its simplicity and short duration.112,113 A 4:4:1:1 ratio of 

water, methanol, alkylated proteins, and chloroform, respectively, was combined. This produces 

two liquid phases and one interfacial solid phase (Figure 2.4). The aqueous phase contains water-

soluble compounds such as salts, detergents, nucleic acids, and reducing agents, while the 

chloroform organic phase contains lipids and fat-soluble metabolites. At the interface of these two 

phases, the proteins, which are almost all denatured and amphiphilic at this point, precipitate. With 

removal of the liquid phases, most of the unwanted cell debris is withdrawn. 

0

50

100

150

200

0

50

100

150

200

250

300

350

400

450

0 10 20 30 40 50 60

C
o

n
d

u
c
ti

v
it

y
 (

m
S

/c
m

)

A
b

s
o

rb
a
n

c
e
 (

m
A

u
)

Time (minutes)

Absorbance Conducitivity

0

50

100

150

200

0

75

150

225

300

375

450

0 10 20 30 40 50 60

C
o

n
d

u
c
ti

v
it

y
 (

m
S

/c
m

)

A
b

s
o

ra
n

c
e
 (

m
A

u
)

Time (minutes)

Absorbance Conductivity



 

 

31 

 

Figure 2.4 Chloroform methanol interfacial protein precipitation.   

  

Proteins must be extracted with high purity solvents to increase the number of identified 

methylated peptides (Table 2.2). LC-MS/MS analysis revealed high concentrations of PEG 

contamination when sub-optimal purity communal high-pressure liquid chromatography (HPLC)-

grade solvents were used for the chloroform/methanol precipitation. Maintaining sample purity 

during sample preparation is of the utmost importance for optimal peptide ionization during LC-

MS/MS analysis. As such, higher purity grade solvents for the precipitation step were swapped-in 

in hopes to reduce the PEG contamination issue. In-turn, more methylated peptide identifications 

were observed when the mass-spec grade solvent system for protein precipitation was 

implemented (Table 2.2).  

 

Table 2.2 Effect of solvent purity on methylated peptide identifications from PC-3 cells. Peptides 

were processed with the final optimized protocol with expectation of the solvent purity.  

Solvent type 
Number of methylated peptides identified 

Me Me2 Me3 

HPLC-grade solvents 18 23 19 

Mass-spec grade solvents 86 89 82 

 

The protein pellet was best re-solubilized by initially sonicating the pellet in a basic 

solution before diluting it into a neutral buffered solution (Table 2.3). Following protein 

precipitation, the most common reagents used for re-solubilisation are detergent and chaotropes 
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—reagents that are not compatible with LC-MS/MS analysis.114 An alternative solubilisation 

method had to be optimized as to not introduce contamination into the sample. The first method 

attempted was heating the protein pellet in a buffered solution to increase solubility. Low protein 

yields were recovered with this method (Table 2.3). The optimized solubilisation procedure used 

a basic solution of 50 mM NaOH to reintroduce the protein pellet into solution. Deprotonating the 

proteins beyond their pI increases re-suspension efficiency.115 A brief sonication was performed 

to aid their reintroduction into solution. Then, a concentrated dose of ammonium bicarbonate 

buffer was added to neutralize the protein solution. The remaining insoluble material was pelleted 

and removed by high-speed centrifugation. Deprotonating the proteins instead of heating before 

and during the sonication increased protein yields by ~3-fold (Table 2.3).  

Table 2.3 Optimization of protein solubilisation. Both methods used sonication to aid solubilisation. 

Solubilisation method Yields (μg of protein) 

Heating 300 

NaOH solution 1000 

 

 Metal chelation does not increase methylated peptide identifications (Table 2.4). Removal 

of metals prior to MethylTrap enrichment was an attempt to increase column retention and 

decrease signal suppression in mass spec analysis.116 The proteins were incubated with bead-bound 

styrene-divinylbenzene co-polymer containing iminodiacetic acid groups that act as chelating 

groups. There was no difference in MethylTrap retention with and without chelation. Additionally, 

there was no effect on the number of methylated peptides observed following LC-MS/MS analysis 

(Table 2.4). In contrast, Chelex-100 introduced contaminating polymer into the sample, which 

supressed sample ionization. This step was removed from the optimized sample preparation 

protocol. 

Table 2.4 Metal chelation does not increase the number of methylated peptides observed in 

MethylTrap enrichment proteomic analysis. Number of methylated peptides identified with and 

without incubation with the metal chelating agent Chelex-100.  

 
Number of methylated peptides identified 

Me Me2 Me3 

Chelation of metals 1 8 3 

Without chelation of metals 3 9 2 
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3.1.1 IV. Protease choice and efficiency 

The use of different enzymes for the proteolysis step shifts coverage of the methyl 

proteome. Generally speaking, the use of different proteases yields different sets of peptides—

length and charge of digests differ between protease choice.117 Different peptide sets will thus have 

variable MethylTrap retention, ionization efficiency, cleavage frequency, etc. As such, the choice 

of protease drastically alters the outcome of enrichment and proteomic analysis.  

 

Figure 2.5 Chromatograms of MethylTrap enriched yeast proteins digested with trypsin (left) Arg-

C (middle) and Glu-C (right). Enrichment was performed as described in SI protocol with exception 

of the protease. * 

  

Glu-C cleavage led to more methylated peptides being identified than Arg-C and trypsin 

digests (Table 2.5). When trypsin was used as the protease, retention was observed (Figure 2.5 

left), but the number of methylated peptides identified in the retained fraction was low (Table 2.5). 

Seven methylated peptides were observed in the retained fraction. It was previously observed that 

MethylTrap had a charge bias for highly basic methylated peptide.98 This observation could 

potentially explain why trypsin, a protease that yields highly acidic peptides, does not produce 

many methylated peptide identifications. Trypsin cleaves on the C-termini of the basic residues, 

lysine and arginine.118 The peptide fragments produced by trypsin would contain a maximum of 

one basic residue (with assumption of full digestion). 

The use of proteases that yield peptides with a higher proportion of basic residues were 

investigated (Arg-C and Glu-C). Arg-C selectively cleaves C-terminal to arginine, and Glu-C 

selectively cleaves C-terminal to glutamate.117 The hypothesis was that these proteases would 

 

* Analysis was performed by Mark Grasdal.  



 

 

34 

increase MethylTrap retention and methylated peptide discovery because the peptide fragments 

produced by these proteases would contain more basic residues than trypsin. This hypothesis was 

based on the previously observed charge bias of the MethylTrap column.98 

Arg-C and Glu-C cleavages led to more methylated peptides being identified than trypsin 

(Table 2.5), but had comparable retained peak areas relative to trypsin during MethylTrap 

enrichment (Figure 2.3). Respectively, Arg-C and Glu-C digested peptide samples identified 166 

and 281 methylated peptides (Table 2.5). Glu-C was chosen as the optimal protease for digestion 

because this digest identified the most methylated peptides.  

Table 2.5 Glu-C digests allowed more methylated peptide identifications than Arg-C or trypsin 

digests. Number of unique methylated peptides identified for each degree of methylation when 

digestion was performed with different proteases.* 

Protease type Me Me2 Me3 

Trypsin 5 2 0 

Arg-C 62 53 51 

Glu-C 89 90 102 

 

 V. Buffer exchange to optimize column retention 

 Peptide desalting increased retention to the MethylTrap resin (Table 2.6). Desalting, buffer 

exchange, and a final sample cleanup with a PD MiniTrap G-10 desalting column places the 

peptides in the MethylTrap’s binding buffer (50 mM phosphate buffer pH 7.5). Peptides smaller 

than the relative molecular weight (Mr) 700 are excluded from the equilibrated gravity column due 

to the nature of the desalting column. This final sample cleanup step suspends the peptides in 

optimized binding buffer prior loading the peptides onto the column. The buffer exchange step 

resulted in a 3-fold increase in retention relative to peptides retained in the presence of ammonium 

bicarbonate buffer. 

Table 2.6 Optimization of MethylTrap enrichment by desalting the peptide sample with a PD 

MiniTrap G-10 desalting column to exchange the peptide into binding buffer.*  

 
Peptide concentration (µg) 

Unretained Retained Input 

Without desalting 580 2 670 

With desalting 470 6 590 
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 VI. Choice and production of MethylTrap resin and column 

MethylTrap assembly started with a one-step synthesis of a novel calixarene-based affinity 

reagent (Figure 2.6). Reaction with 4-chlorosulfonylbenzoic acid installed a functional handle on 

the p-sulfonatocalix[4]arene’s lower rim. 

 

Figure 2.6 Synthesis of MS124 affinity reagent from commercially available p-sulfonatocalix[4]arene 

followed by the coupling reaction to produce agarose affinity enrichment bead resin. 

 

The mono-functionalized calixarene was isolated from the starting reagents and the other di- and 

tri-substituted products via HPLC (Figure 2.7 left). The isolated yields are typically 30–35%, with 

98% purity as determined by analytical HPLC. In the presence of (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride) (EDC), the functionalized calixarene was then 

coupled to a solid support that consists of cross-linked agarose gel decorated with primary amine 

handles (Affi-gel 102, Bio-Rad). Functionalization was confirmed by HPLC analysis of the bead 

supernatant before the addition of EDC then after EDC coupling had occurred (Figure 2.7 right). 
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Figure 2.7 Mono-substituted calixarene product can successfully be purified from side-reactions and 

starting reagents, and EDC coupling successfully couples calixarene to solid support.  Exemplary 

HPLC chromatograms for successful purification of MethyTrap calixarene (left) and successful EDC 

coupling (right).  Left: HPLC purification chromatogram of MethylTrap resin. Elution order is as 

follows: unreacted 4-chlorosulfonyl benzoic acid, mono-substituted lower-rim modified p-

sulfonatocalix[4]arene (product), di-substituted p-sulfonatocalix[4]arene, then tri-substituted p-

sulfonatocalix[4]arene. Blue arrows correspond structures to peaks. Right: HPLC chromatogram of 

the lower-rim modified p-sulfonatocalix[4]arene present in the supernatant before and after coupling 

to agarose solid support. “Pre-EDC” coupling trace (dashed line) overlaid on the “Post-EDC” 

coupling trace (solid line). 

 

The calixarene-coupled agarose beads were washed, then packed into a clear PFA tube 

enclosed by commercially available fitting, ferrule, frit, union, and plug to make the MethylTrap 

column (Figure 2.8). Approximately 850 µl of resin with 10 mg of bound calixarene was pack into 

each column. The assembled column was then connected to an AKTA Prime LC system for an 

overnight wash with elution buffer (50 mM phosphate buffer with 2M NH4Cl at pH 7.5) at a flow 

rate of 0.3 ml/min. This elutes compounds that adsorbed to the column. Once washed, the resin 

was evenly packed throughout the column using a flow rate between 0.4 – 0.6 ml/min. Any 

headspace that formed was removed. Once the resin was packed, the column was then equilibrated 

with binding buffer (50 mM phosphate buffer)—flow through conductivity of ~8.8 mS/cm 

indicated complete column equilibration. Plugs were connected to either side of the column when 

stored. 
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Figure 2.8 Assembled MethylTrap column. 

 

A lower-rim modified p-sulfonatocalix[4]arene was used in lieu of the upper-rim p-

sulfonatocalix[4]arene (Figure 2.9) due to the ease of synthesis and its higher retention efficiency 

(Figure 2.10). 

 

Figure 2.9 Structure of the upper-rim modified p-sulfonatocalix[4]arene (left) and lower-rim 

modified p-sulfonatocalix[4]arene (right). 

 

The unretained peak was much larger than the retained peak for the upper-rim modified p-

sulfonatocalix[4]arene (Figure 2.10 left). The choice to use the lower-rim modified p-

sulfonatocalix[4]arene was initially based on the ease of synthesis. But, the large retained peak 

relative to the unretained peak was another reason for using this compound in the optimized 

MethylTrap enrichment protocol—the lower-rim modification increased column retention (Figure 

2.10 right).  
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Figure 2.10 The new calixarene reagent improves peptide retention from complex lysates. 

Chromatograms of trypsin digested peptides enriched with the upper-rim modified p-

sulfonatocalix[4]arene (left) and lower-rim modified p-sulfonatocalix[4]arene (right).  

 VII. Methyllysine identifications in PC-3 mammalian cell line 

Peptides were separated and analyzed by on-line reverse phase chromatography coupled 

to an Orbitrap Fusion Tribrid mass spectrometer, then the acquired spectra were assigned hit 

scores with Mascot and validated with Scaffold proteomics software. The exact statistics behind 

the identification scores and assignment is beyond the scope of this thesis. Briefly, Mascot assigns 

spectrum identity scores by alignment to the inputted database,119 and the Scaffold software 

applies PeptideProphet™ and ProteinProphet™ algorithms to assign probability based peptide 

and protein identifications.120,121 Peptides and proteins with identification probabilities above 

90.0% and 95.0%, respectively, were accepted as identifications. 
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Figure 2.11 MethylTrap column fractionation increases the number of unique identified methylated 

peptides relative to the input sample in a cancer proteomics experiment. PC-3 cell lysates were 

enriched using MethylTrap, and the input control sample, as well as the MethylTrap retained and 

unretained fractions were submitted for proteomics analysis. All methyl PTM sites in each sample 

were tabulated and counted. Venn diagrams show the overlap in the number of unique mono- (left), 

di- (middle), and tri-methylated (right) PTM sites identified. The shaded sectors show methyl PTMs 

that are only visible after MethylTrap enrichment. Data are from a single replicate. 

 

MethylTrap enrichment aids identification of methylated peptides that are otherwise 

unseen in the input fraction (Figure 2.11). MethylTrap enrichment of PC-3 peptides led to the 

identification of 1578 methylated peptides within a single replicate. 61 monomethylated, 53 

dimethylated, and 69 trimethylated peptides were otherwise unseen in the input and unretained 

fractions (Figure 2.11 shaded regions). 

MethylTrap methylated peptide retention requires further optimization. The number of 

identified methylated peptides is 4-fold greater in the unretained fraction relative to the retained 

fraction. The retained fraction increased the number of unique methylated peptides by 24% in 

comparison to the input sample alone, and the unretained resulted in a 74% increase. A potential 

explanation for the higher number of methylated peptides in the unretained sample relative to the 

retained sample could be that the column is selective for some methylated peptides sequences over 

others. The overlap between the unretained and retained fraction is 0.4%, so the identifications 

made in the retained and unretained samples were almost exclusive. But, the fact that the 

unretained sample identified more methylated peptides than the retained indicates that the column 

elutes more unique methylated peptides than it retains.  

MethylTrap fractionation identified methylated peptides that were not previously 

identified in the UniProtKB database (Table 2.7). The input, unretained, and retained fractions 
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identified 95%, 94% and 96% never-before-seen methylation. Granted, not all of the identified 

methylated peptide will be true identifications.  Approximately 10% of the identifications will be 

false positives based on the decoy database method.55  Additionally, the decoy database method 

commonly used to validate the methylated peptide discoveries is not stringent enough to filter out 

the false positives at the specified FDR threshold for methylated peptide identifications.122 Being 

that methylation produces a mass shift (14 Da) analogous to isobaric mass differences between 

glycine and alanine, threonine and serine, leucine and valine etc., unmethylated peptides of similar 

sequence can give a great score for a methylated peptide if the sequence’s mass differs by a single 

methyl. Isobars and identifications within the range of instrument error are of great concern, so the 

percentage of novel methylation marks is likely inflated. Methylated peptides must be validated 

with an orthogonal approach (such as western blotting) in order to confirm their discovery.  

 

Table 2.7 MethylTrap enrichment identifies novel methylated peptides, but a portion of the novel 

methylated peptides are presumably false positives. The table contains the fractions and percentages 

of identified methylated proteins observed in one replicate of PC-3 MethylTrap enriched peptides 

that were previously published be methylated proteins within the UniProtKB database. Note that not 

all the identified methylate peptides were within the UniProtKB database.  

 Input Unretained Retained 

Me 11/257 (4%) 15/270 (6%) 2/60 (3%) 

Me2 10/231 (4%) 10/204 (5%) 1/50 (2%) 

Me3 12/253 (5%) 15/208 (7%) 4/65 (6%) 

 

 Reproducibility of MethylTrap methylated peptide retention was low. Three independently 

lysed PC-3 protein extracts were enriched with the MethylTrap enrichment protocol, and the 

retained fractions were independently analyzed with the aforementioned Orbitrap mass analyzer 

and software. The spectra were assigned identifications and the Venn diagrams illustrating the 

overlap of unique methylated peptides identified between the three replicates was exported from 

the software (Figure 2.12). The retained fraction demonstrated poor methylated peptide 

identification reproducibility. 3% of the methylated peptides were identified in at least two of the 

three replicates, and 0.4% were seen in all three replicates. 
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Figure 2.12 Reproducibility of MethylTrap enrichment is low. Venn diagram of mono, di, and tri 

methylated peptide (left to right) identified in the retained fraction of MethylTrap enriched peptides 

from three biological replicates extracted from independently grown and lysed PC-3 cells. 

   

Variations caused by sample preparation and LC-MS/MS analysis may be the cause for the 

poor reproducibility of unique methylated peptides identified in the retained sample.  The host 

(calixarene resin) and guest (peptide) each have a binding constant associated with their 

association (Ka). The relative binding strength of each possible guest produces a ratio of Ka which 

characterizes the host’s binding selectivity. Since selectivity is relative (not absolute) the host-

guest binding interaction is dependent on the concentration of input peptide. The dynamic 

concentration range of the proteome is non-constant, so each protein extract will contain unique 

protein concentrations. Moreover, sample preparation prior to enrichment also introduces 

variability between sample sets which alters the concentration of peptides in the input sample.123 

Changes in injected peptide concentrations will alter the binding interactions of the system, thus 

changing the proportion of retained peptides in the MethylTrap column. LC-MS/MS injections are 

another known source of inconsistency between any set of proteomic replicates.  Differences in 

peptides analyzed in LC-MS/MS analysis range between 35 – 60 %.124 These compounded 

variabilities could lead to the low reproducibility observed of the retained fraction.  

2.4 Limitation of MethylTrap enrichment 

 Biased methyl proteome coverage 

 Peptide retention and identifications are biased towards highly cationic sequences 

containing few glutamic acid residues. Highly cationic peptides have been previously reported to 

increase overall retention in p-sulfonatocalix[4]arene columns, regardless of their methylation 

state.98 As such, the MethylTrap column has bias retention for cationic methylated peptides. 
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Highly acidic peptides are most likely not retained in the MethylTrap column. Moreover, the 

protease used for digestion, Glu-C, cleaves proteins on the carboxyl termini of glutamic acid 

residues, which will limit the number of glutamates in the peptide sequence to one (barring missed 

cleavage sites).125 As such, regions rich in glutamic acid residues will be highly fragmented. 

Peptides with lengths below 6 amino acids do not statistically permit unique identification to their 

corresponding protein;126 therefore, glutamate rich peptides will be eliminated during proteomics 

data processing and will not be discovered using this method. Sampling bias may be present for 

highly basic methyl-peptides containing few acidic residues. 

 False discovery 

 This method is susceptible to low sequence coverage because methyl protein identity may 

be determined by a single peptide. This poses issues for accurate protein identification rates since 

seeing one peptide within an entire protein sequence gives lower confidence for the presence of 

that protein in comparison to seeing numerous peptides for a given protein.127 The likelihood of 

enriching numerous regions of a single protein with detectable abundance in bottom-up 

enrichment proteomics is presumably low, since a methyl will likely only be present on a single 

site on a single peptide.  So, protein identification was accepted if the presence of a single peptide 

bearing a methylation mark was observed. To reduce issues of false protein discovery, the presence 

of other peptide fragments (methylated or not) from a given protein within all three fractions could 

be searched for. This helps confirm that the protein is in fact present within the sample by 

increasing the sequence coverage of the candidate methylated protein. This directly increases 

confidence in identification of the protein, and therefore indirectly increases confidence in the 

identification of the methyl PTM site within it. 

 Another strategy to increase sequence coverage and reduce false discovery rates would be 

the use of a protease that cleaves with low frequency. Glu-C yields peptides of approximately 15 

residues—a longer average sequence relative to the more commonly used protease trypsin (~9 

residues).128 The length of the Glu-C peptide digest puts them in the upper range of peptide 

fragments that are useful for bottom-up proteomics (0.7 kDa < Mw < 3.0 kDa). Collision energy 

for fragmentation must be increased since longer peptides require more fragmenting for effective 

mass spec analysis. If collision energy is not increased, the less fragmented peptides are susceptible 

to artificially high scores and false identification since there is less fragment data to accurately 

align the product ion spectrum to the database.129 Nevertheless, longer peptides increase the 
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sequence coverage of a single protein simply by increasing the number of analyzed residues per 

peptide. If one wanted to further increase  methylated peptide sequence coverage, the use of 

cyanogen bromide instead of a protease would yield even longer peptides averaging ~38 amino 

acids.128 This chemical reagent cleaves after the scarcely occurring methionine reside. This peptide 

length is within the size range of “middle-down” proteomics (3.0 kDa < Mw < 10 kDa)—an 

emerging method that further increases sequence coverage of the proteome.130  

False discovery rates (FDR)s are of great concern within methyl proteomics.131 As such, 

manual validation of methylated peptide spectra is required when analyzing methylated peptide 

hits. As previously discussed in Chapter 1, proteomics software aligns experimental parent spectra 

to expected parent spectra within a specified ppm error range (also termed mass error). Following 

alignment of the parent spectra, the product spectra are assigned scores to validate the hit. For the 

parent ion alignment, higher mass accuracy means less possibility that a calculated elemental 

formula produced the observed mass within the instrument’s range of error. The formula for ppm 

error is as follows: 

ppm error = 
𝑚/𝑧𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑− 𝑚/𝑧𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

𝑚/𝑧𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
 ×  106 

Error is most often reported as ppm error. This thesis allowed a ppm error of 5.0 for the parent 

fragment and a 0.8 Da MS/MS tolerance. The accepted mass tolerance range is chosen based on 

the mass analyser’s accuracy. For comparison, a moderate mass spec accuracy is ~10 ppm—a 

practical limit of an instruments accuracy.132 The peptides were analyzed with a state-of-the-art 

Orbitrap Fusion™ Tribrid™ MS—the top MS for in-depth discovery of complex samples with the 

highest accuracy. Regardless of our highly accurate mass spec, instrument error still allows for 

false identifications.  

The fragmentation pattern of the product ion spectra is first analyzed to gain confidence in 

the identification, and the parent ion ppm error is the final quality check of a spectrum. 

Insufficiently fragmented peptides, or peptides with few fragments associated with the expected 

mass loss from loss of residue(s) is not the basis of a methylation mark identification. But the 

software does not take this into sufficient consideration. Because of this deficiency of the software, 

fragmentation patterns of the identified putative methylation marks are manually scrutinized. 

Figure 2.13 left shows the fragmentation pattern of a highly fragmented ion. Many B and Y ions 

matched the expected mass loss of the fragmented peptide sequence. A B ion is the ion fragment 

extended from the amino termini, and the Y ion is the ion fragment extended from the carboxyl 
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termini. The confidence of this peptide identification is increased by manually validating this 

identification. Figure 2.13 right shows the fragmentation pattern of an insufficiently 

fragmented/detected peptide that lowers the confidence of the methylation mark identification. 

Many B ions were identified, but the lack of Y ions lowers the validity of this identification. 

 

Figure 2.13 Manual validation of Left: the monomethyl mark K90Me on the protein 

phosphoglycerate kinase (accession number PGK_YEAST) by looking at fragmented B and Y ions 

for the entire sequence. Right: The manual rejection of the monomethyl mark R48Me on the protein 

K7_Ufe1p (accession number G2WMV3_YEASK) due to the low number of Y ions observed. 

  

 To further increase the confidence that a candidate methylated peptide has been discovered, 

manually checking the product ion spectrum/model error—specifically, the orientation and 

magnitude of the error. If the errors are of equal magnitude and are exclusively positive or 

exclusively negative, the spectrum is deemed high quality—the reason being that the error is most 

probably from instrument calibration or instrument error rather than an unfitting alignment. Refer 

to Figure 2.14 a for an example of spectral error associated with the fragmentation pattern of Figure 

2.13 left. The magnitudes are equal, and the delta mass errors are within a ~0.25 delta mass error 

(AMU) range. 
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Figure 2.14 Manual validation of a) the monomethyl mark K90Me on the protein phosphoglycerate 

kinase (accession number PGK_YEAST) by looking at the spectrum/model error. Peptide error 

hovers around zero with similar magnitudes and sign. b) The manual rejection of the monomethyl 

mark R48Me on the protein K7_Ufe1p (accession number G2WMV3_YEASK) due to the 

spectrum/model error being sporadic in value and opposite in sign. 

 

But, if the error was variable in magnitude and/or sign (positive or negative), then the hit was most 

likely an artifact. Refer to Figure 2.14 b for the corresponding spectrum/model error in Figure 2.13 

right. Errors range between ~1 AMU in both the positive and negative sign for the B ions and the 

single Y ion observed. This is not an acceptable identification. 

After analyzing the product ion data, reassurance that the parent ions mass error was within 

a reasonable range increased confidence in the methyl identification.133 Parent error should be 

around 1 ppm error for highly confident identifications.134 The parent ion ppm error of Figure 2.13 

left Figure 2.14 top was 0.88 ppm. With consideration of the fragmentation pattern and the 

spectrum/model error, the confidence in this identification is high. As for Figure 2.13 right and 

Figure 2.14 bottom, the parent ion ppm error was –4.1. With consideration of the questionable 

error of product ions, lack of Y ions, and high ppm error of the parent ion, this identification is of 

low confidence.  
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2.5 Conclusion 

My first goal to improve protein extraction yields was achieved. Whole cell mechanical 

and physical lysis extracts higher protein yields than chemical nuclear extraction. A 33-fold 

increase in protein yields was obtained when whole PC-3 lysates were extracted via osmotic 

pressure and bead beating relative to chemical lysis and nuclear extraction. Additionally, 

interfering reagents were not introduced in the optimized lysis method. As such, a detergent 

removal step (which resulted in a 30% sample loss) that was previously necessary for the nuclear 

extraction protocol was no longer required.  

My second goal to remove non-protein cellular debris and optimize binding was partially 

achieved. Based on relative retention, the lower-rim modified p-sulfonatocalix[4]arene was found 

to be a better affinity reagent that the upper-rim modified p-sulfonatocalix[4]arene. Thus, column 

retention was increased. Moreover, before optimized sample preparation, peptides did not retain 

in the MethylTrap column at all. After implementing protein purification with 

chloroform/methanol protein precipitation, peptides successfully retained in the MethylTrap 

column. As such, the goal to remove non-protein cellular debris to optimize retention was met. 

Following this, the peptides in each fraction were identified. The number of methylated peptides 

identified in the unretained fraction outnumbered the identified methylated peptides in the retained 

fraction by 4-fold. As such, the goal to optimize binding was, in part, met. But, binding of the 

intended target, methylated peptides, was not met and requires further optimization. 

My final goal, to optimize the number of methylated peptides identified, was not fully 

achieved. Protease digestion with Glu-C identified more methylated peptides in comparison to 

trypsin and Arg-C digests. This could be explained by the previously reported charge bias of the 

MethylTrap column and non-limited number of basic residues in Glu-C digests relative to Arg-C 

and trypsin.98 But, the number of methylated peptides identified could be further increased with 

optimization of methylated peptide retention. As such, the goal to optimize the number of 

methylated peptides identified was not met.  

MethylTrap enrichment helped identify novel methylated peptide marks that have not been 

previously published based on alignment to the UniProtKB modified residue database. But, the 

number of identifications within the methylated peptide dataset is most probably inflated, so the 

number of novel methylation sites discovered is less than that reported. Regardless, a portion of 
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the novel sites can be assumed to be true (and also novel) identifications, so MethylTrap 

enrichment will ultimately improve characterization of the methylome.  

MethylTrap methylated peptide retention showed a 3% reproducibility in unique methylated 

peptides identified in at least two of the three PC-3 mammalian cell biological replicates. 16 out 

of 470 observed methylated peptides were reproducibly observed. This is an unacceptably poor 

level of reproducibility. Further studies regarding reproducibility are required.  

2.6 Experimental methods 

Refer to supporting information for step-by-step optimized MethylTrap enrichment 

protocol. 

 PC-3 mammalian cell protein extraction 

PC-3 mammalian cells were grown in T-175 culture flasks using RPMI 1640 culture media 

supplemented with 10% Fetal Bovine Serum (FBS) (Sigma Aldrich). Cell were maintained at 37℃ 

with 5% CO2 in a humidified incubator.  

Biological replicates were collected from PC-3 cells at different passage numbers. Two T-

175 flasks of PC-3 cells were trypsinized then washed with 5 mL of ice-cold phosphate-buffered 

saline (PBS) (10 mM phosphate, 137 mM NaCl, 2.7 mM KCl, pH 7.4) three times by 

centrifugation for 5 minutes at 350 gs and 4℃. Subsequently, the cells were resuspended in 500 

μL of ice-cold hypotonic buffer (Active Motif) supplemented with complete protease inhibitor 

cocktail (Sigma-Aldrich). 0.5 mm acid-washed glass beads (Sigma-Aldrich) were added at a 2:1 

bead-to-sample ratio. The cells were lysed with seven cycles of vigorous vortexing for 2 minutes 

followed by 1-minute rests on ice. Crude cell lysate was isolated from the beads with a sterile 22-

gauge needle (Thermo).  

 Protein processing 

 Crude lysate was denatured and reduced with 3.5 M Guanidine Hydrochloride (GdnHCl) 

and 50 mM dithiothreitol (DTT) (Sigma-Aldrich) for 30 minutes at 65℃. The reduced lysate was 

cooled to room temperature, then alkylated with 100 mM iodoacetamide (IAA) (Sigma-Aldrich) 

for 30 minutes in the dark at room temperature. 

 The alkylation was quenched in a 4:1:3 volume ratio of methanol, chloroform, and water. 

Following, interfacial protein precipitation was induced with centrifugation at max rpm for 15 
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minutes. The top aqueous methanol was discarded to remove hydrophilic contaminants. The same 

volume of methanol that was initially added replaced the aqueous phase. The sample was then 

centrifuged again to isolate the precipitated proteins from hydrophobic contaminants. The 

supernatant was removed, and protein pellet was washed with the same volume of methanol once 

more. The protein pellet was dried, then resuspended in 50mM NaOH 3x its volume. Afterward, 

the sample was placed in an ultrasonic water bath for approximately 10 minutes. The protein pellet 

was further diluted in 6x its dry volume with 50 mM ammonium bicarbonate buffer (pH 7.8) 

(Sigma-Aldrich). A further 10-minute sonication bath concluded protein solubilization. The 

residual precipitant was pelleted with 3,750gs at 4℃ for 30 minutes. The solubilized protein 

solution was assayed with Bio-Rad Protein Assay Dye Reagent (Bio-Rad). 

 1 mg of solubilized proteins were digested at a 1:100 ratio of protein to Glu-C (Promega) 

for 18 hours at 37℃ while shaking. Next, the digest was buffer exchanged with PD minitrap G10 

desalting column (GE Healthcare). Following the buffer exchange, the peptides were thus eluted 

into 50 mM phosphate buffer pH 7.5. 

 The yeast peptides were injected into AKTA Prime Plus (GE Healthcare) connected to the 

calixarene column (details in supplemental info). The unretained peptides were washed with 11.3 

mL of binding buffer, then gradient eluted with binding buffer spiked with 2 M ammonium 

chloride salt over 12.4 ml. Retained peptide fractions were pooled then assayed with PierceTM 

Quantitative Fluorometric Peptide Assay (Thermo) and subsequently analyzed at the UVic-

Genome BC Proteomics Centre with an Orbitrap LC-MS/MS. 

 Based on concentrations provided the sample was acidified with Formic acid final 

concentration (0.5%) before passing over an Oasis HLB µ-elution plate SPE (30 um) (Waters 

part#186001828BA) for desalting and sample clean-up to provide a ~30 µg loading.  Following 

binding and washing, peptides were eluted with 180 µL (80% v/v Acetonitrile, 0.1% v/v Formic 

acid), speed vacuumed to near dryness and rehydrated with 20 µL 2% Acetonitrile, 0.1% Formic 

acid, water.   

 LC-MS/MS analysis 

 The peptide mixture (5 µL) was separated by on-line reverse phase chromatography using 

a Thermo Scientific EASY-nLC 1000 system with a reverse-phase pre-column Magic C18-AQ 

(100 µm I.D., 2.5 cm length, 5 µm, 100Å, and an in-house prepared reverse phase nano-analytical 

column Magic C-18AQ (75 µm I.D., 15 cm length, 5 µm, 100Å, Michrom BioResources Inc, 
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Auburn, CA), at a flow rate of 300 nl/min.  The chromatography system was coupled on-line with 

an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped 

with a Nanospray Flex NG source (Thermo Fisher Scientific).   Solvents were A: 2% Acetonitrile, 

0.1% Formic acid; B: 90% Acetonitrile, 0.1% Formic acid.  After a 300 bar (~ 8 µL) pre-column 

equilibration and 300 bar (~ 3 µL) nanocolumn equilibration, samples were separated by a 140-

minute gradient (0 min: 5% B; 110 min: 35% B; 10 min: 45% B; 10 min: 100% B; hold 10 min: 

100% B). 

  The Orbitrap Fusion instrument parameters (Fusion Tune 3.0 software) were as follows for 

orbitrap (OT-MS) iontrap (IT- MS/MS) with HCD fragmentation:  Nano-electrospray ion source 

with spray voltage 2.45 kV, capillary temperature 275 ℃.  Survey MS1 scan m/z range 380-2000 

profile mode, resolution 120,000 FWHM@200m/z one microscan with maximum inject time 50 

ms. The Siloxane mass 445.120024 was used as lock mass for internal calibration.  Data-dependent 

acquisition Orbitrap survey spectra were scheduled at least every 3 seconds, with the software 

determining “Top-speed” number of MS/MS acquisitions during this period. The automatic gain 

control (AGC) target values for FTMS and MSn were 400,000 and 5,000 respectively. The most 

intense ions charge state 2-7 exceeding 50,000 counts were selected for HCD and CID ion trap 

MSMS fragmentation with detection in centroid mode. Monoisotopic Precursor Selection (MIPS) 

was enabled and Dynamic exclusion settings were: repeat count: 2; repeat duration: 10 seconds; 

exclusion duration: 10 seconds with a 10 ppm mass window.  The ddMS2 IT HCD scan used a 

quadrupole isolation window of 1.6 Da; IonTrap rapid scan rate centroid detection first mass 100 

m/z, 1 microscan, 50 ms maximum injection time and stepped collision energy 40% ± 3. The 

ddMS2 IT CID scan used a quadrupole isolation window of 1.6 Da; IonTrap rapid scan rate 

centroid detection, auto-normal scan mass range, 1 microscan, 25 0ms maximum injection time 

and normalized collision energy 35%.  

 LC-MS/MS data analysis 

 Raw files were created by XCalibur 4.1.31.9 (Thermo Scientific) software and analysed 

with Proteome Discoverer 2.2.0.388 software suite (Thermo Scientific).  Parameters for the 

Spectrum Selection to generate peak lists of the CID spectra (activation type: CID; s/n cut-off: 1.5; 

total intensity threshold: 0; minimum peak count: 1; precursor mass: 350-5000 Da).  

 The sample peak lists were submitted to a Mascot 2.5.1 server UP_human_Canon (69,085 

sequences; 23,290,638 residues) database search for PC-3 samples and server UP_yeast_Canon 
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(76,618 sequences; 33,759,464 residues) database search for yeast samples as follows:  precursor 

tolerance 5 ppm; MS/MS tolerance 0.8 Da; GluC enzyme 2 missed cleavages; FT-ICR instrument 

type; fixed modification: Carbamidomethylation (C); variable modifications: acetyl(K), methyl 

(K, R), dimethyl (K, R), trimethyl (K). Percolator settings:  Max delta Cn 0.05; Target FDR strict 

0.01, Target FDR relaxed 0.05 with validation based on q-Value. 

 Scaffold (version Scaffold_4.8.7, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS based peptide and protein identifications. Peptide identifications were accepted 

if they could be established at greater than 90.0% probability by the Peptide Prophet algorithm 

(Keller, A et al Anal. Chem. 2002;74(20):5383-92) with Scaffold delta-mass correction. Protein 

identifications were accepted if they could be established at greater than 95.0% probability and 

contained at least 1 identified peptide.  Protein probabilities were assigned by the Protein Prophet 

algorithm (Nesvizhskii, Al et al Anal. Chem. 2003;75(17):4646-58). For GO analysis, Peptide 

identifications were accepted if they could be established at greater than 90.0% probability by the 

Peptide Prophet algorithm (Keller, A et al Anal. Chem. 2002;74(20):5383-92) with Scaffold delta-

mass correction and protein identifications were accepted if they could be established at greater 

than 99.0% probability and contained at least 1 identified peptide. Proteins that contained similar 

peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy 

the principles of parsimony. Proteins sharing significant peptide evidence were grouped into 

clusters. Proteins were annotated with GO terms from NCBI (downloaded 12-August-2019 for 

both PC-3 and yeast samples). (Ashburner, M et al Nat. Genet. 2000;25(1):25-9). Venn diagrams 

directly exported from the Scaffold software.  

 Nuclear extraction of PC-3 mammalian cells 

Nuclear extraction was performed with a Nuclear Extraction Kit (Active Motif) as described 

by the manufacturer. Detergent introduced during nuclear extraction was removed with the 

Pierce™ Detergent Removal Spin Column, 0.5 mL (Thermo) as described by the manufacturer.  

 Chelation of metals from protein extract 

Trypsin digested peptides were incubated with 5% (w/v) Chelex-100 resin for 1 hour at 4°C. 

Chelex-100 resin was removed by centrifugation prior to desalting with the PD minitrap G10 

desalting column (GE Healthcare). Peptides were subsequently enriched with the upper-rim 

modified p-sulfonatocalix[4]arene MethylTrap column. Enrichment and proteomics analysis were 

performed as previously described.  
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 MethylTrap enrichment by batch binding 

5 mg of upper-rim modified p-sulfonatocalix[4]arene was couple to 0.35 mL of Affigel 102 

resin as previously described. 1 mg of purified yeast proteins were digested with tryspin at a 1:100 

ratio for 18 hours at 37°C. If the digest was buffer exchanged, then it was performed with PD 

minitrap G10 desalting column (GE Healthcare). Following the buffer exchange, the peptides were 

thus eluted into 50 mM phosphate buffer pH 7.5. Peptide were added to MethylTrap resin and 

incubated for 3 hours at 4°C. Beads were washed with 300 µL binding buffer four times as the 

“unretained” fraction. The beads were washed an additional 12 times with 750 µL of binding 

buffer. These fractions were discarded. Beads were washed with 300 µL of NaCl four times as the 

“retained” fraction. Peptides were assayed with PierceTM Quantitative Fluorometric Peptide 

Assay (Thermo).  
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3 Chapter 3: Reproducibility of MethylTrap 

Enrichment and Applications to Industrial 

Yeast 

3.1 Introduction 

 Reproducibility of MethylTrap enrichment and methylated peptide 

identification 

 The MethylTrap column has helped identify hundreds of novel methylated peptides. With 

optimized sample preparation, the MethylTrap column retained large numbers of peptides from 

cell lysates and helped identify methylated peptides that were not seen in neither the input sample 

nor the unretained sample. Additionally, the identified methylated peptides were 95% novel when 

aligned to the UniProt PTM database. This demonstrates its potential to aid characterization of the 

full methylome.  

Reproducibility of MethylTrap retention requires further investigation. A 3% overlap in 

MethylTrap methylated peptide retention was observed between three biological replicates of PC-

3 enrichment in Chapter 2. In this chapter, reproducibility has been scrutinized more thoroughly 

using a set of technical and biological replicates. In this thesis, technical replicates are defined as 

the same sample source being independently lysed, processed, then analysed, whereas biological 

replicates are when different sample sources of the same sample type are processed then 

analyzed.135 This chapter focuses on the biological and technical reproducibility of industrial yeast 

cells. These samples were chosen for three reasons: an inherent interest in studying protein 

methylation in brewers’ yeast, the ready accessibility of large amounts of cell-based samples 

available from commercial-scale fermentations, and the interest in extending MethylTrap 

enrichment methods to include new industrial applications.  

Possible causes for variability between replicates could be protein extraction, protein 

purification, alkylation, digestion, and desalting. The largest contributor to sample preparation 

variability is reported to be the protein extraction step. Protein extractions have been reported to 

cause 70% of the observed variability between replicates.123,136 Another cause for variability would 

be the protein precipitation step. Recovery following protein precipitation is never 100%. Protein 

recovery for chloroform/methanol precipitation is reported to be around 88±12% from identical 

samples, so ~11% of the sample is lost during protein precipitation and resolubilisation.113 The 
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protein precipitation was noted to be a reproducible purification step for the same sample type, but 

is inconsistent between different samples.137 This could potentially explain the variation between 

biological replicates, but should not pose much variability for the technical replicates (with the 

assumption that protein extraction concentrations are consistent). Denaturing, alkylating, 

digestion, and desalting has also been reported to contribute to 3.1% of the overall variance.123 

This number is of small concern when compared to the 70% influence from protein extraction. 

Poor reproducibility of MethylTrap enrichment could be a large contributor to variability 

between runs for the retained and unretained sample. As discussed in Chapter 2, a potential cause 

for variable MethylTrap enrichment could be derived from the input sample. Changes in input 

peptide concentrations arise from the compounded variability from previous sample preparation 

steps (extraction, purification, etc.). The difference in input peptide concentrations will alter the 

relative binding interactions of the system, thus altering selectivity and retention in the MethylTrap 

column. This could explain the very small 3% overlap between the retained biological replicates 

of PC-3 methylated peptides presented in chapter 2. 

LC-MS/MS injections are a known source of inconsistency between any set of proteomic 

replicates. The difference between LC-MS/MS injections alter the set of analyzed peptides 

between the range of 35 – 60 %.124 It has been reported that LC-MS/MS injections contribute to 

16% of the overall variability between replicates.123 Additionally, only 16% of the sample’s 

peptides are detected in a shotgun proteomics MS scan.56 Reasons for incomplete sampling is in 

part due to ionisation efficiency. Not all the sample’s peptides are analyzed because a subset of 

the peptides are preferentially or sporadically ionized. Another reason for incomplete sampling is 

during the selection of the precursor ion for fragmentation. In a complex sample, many peptides 

elute at a single LC retention time. With that, only the most intense precursor ions are selected for 

fragmentation due to the limited duty cycle of the precursor ion selection window.138 Miniscule 

differences in parent ion peak intensities alter which ions are selected for tandem mass spec 

analysis.127 This highly sensitive selection process of peptides with similar intensities cumulatively 

causes large differences in the final proteomic datasets of the same sample type.139 

Replicates normalize wet lab and LC-MS/MS variability. Differences between datasets are 

most likely attributed to variability associated with sample preparation and LC-MS/MS analysis 

rather than protein abundance itself.138 More variability between datasets arises as more steps are 

implemented in the sample preparation. By combining the data of numerous replicates, under-
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sampling by protein processing and stochastic ionisation or precursor ion selection in a single run 

would be minimized.140  

 Gene ontology to bring biological meaning to lysine methylation 

 Gene ontology (GO) brings biological meaning to large datasets generated during shotgun 

proteomics. It is a hierarchical analysis of gene products and their role within the phenotype.141 

Researchers use GO to open up new avenues for future research by investigating the role of a 

protein product.142 One could investigate the biological role of a PTM within the cell. Or, one 

could compare enriched gene expression profiles between healthy and cancerous cells to pinpoint 

oncogenes. Investigating the functional relationship of PTM GO classification in diseased versus 

healthy cell could aid in the identification of biomarkers associated with the diseased PTM state.  

 Three categories of gene ontology exist: biological processes, molecular function, and 

cellular component.143 Biological processes refer to the contributions of the gene product to 

cellular function. Examples of high-level generalized (broad) terms are processes such as “signal 

transduction” or “response to stimuli.” More specific and precisely defined (narrow) terms would 

include “translation” or “ATP biosynthetic process.” Molecular function is the biochemical 

activity or functional component of the gene product. Broad terms for molecular function include 

“binding” and “catalytic activity.” More narrow terms include functions such as “motor activity” 

or “adenylate cyclase activity.” Cellular component is the localization of the gene where is 

performs its cellular function. Broad level terms include “membrane” or “organelle.” More narrow 

terms include “ribosome” or “membrane sack.”141,144 Localization is especially interesting for 

methylation analysis, as so many of the previously identified methylation sites occur on histones, 

which are localized in the nucleus.42 

 GO analysis has been previously used to annotate the use and localization of methyllysine 

PTMs in cells. Monomethyl lysine proteins been previously annotated to mitochondrial functions 

and RNA-binding.145 Proteins enriched by 3xMBT, an enrichment tool that is pan-specific for 

mono- and dimethyllysines, overrepresented the GO terms mRNA processing, transcription, and 

RNA and DNA helicase activity.146 Non-histone proteins that interacted with chromobox protein 

homolog 6 (CBX6) chromodomain, a subunit of Polycomb Repressive Complex 1 (PRC1) 

recruited by trimethylation on H3K27, were annotated as transcriptional regulators and chromatin 

modifiers.147 In a global immunoenrichment study of methyllysine proteins, the overrepresented 

GO terms were chromatin organization, N-methyltransferase activity, DNA binding, and motor 
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activity.148 Based on the previously annotated GO terms for methyllysine proteins, the modified 

proteins seem to be largely involved in binding, transcriptional regulation and chromatin 

organization/modifications. These are all terms that would be expected because methylation has 

been so strongly associated with high-abundance histones and histone-associated proteins. These 

processes are being investigated in-depth to delineate the role of lysine methylation in cellular 

function.149 

 Objectives 

The first objective was to enrich and identify methylated peptides in real-world industrial 

brewers’ yeast samples.  

My next objective was to assess the reproducibility of the identifications discovered with 

MethylTrap enrichment. 

My last objective was to survey the biological function and cellular compartment of the 

methylated peptides identified in the yeast and PC-3 cells using GO analysis.  

3.2 Experimental methods 

Two second generation re-pitched Mexican Lager yeast strains from two fermenter vessels 

at Phillips Brewing were used as biological replicates (BR). Two technical replicates (TR) of each 

BR were individually lysed, enriched by the MethylTrap column, then analyzed by LC-MS/MS 

analysis.  

Refer to Chapter 2’s experimental method section for the MethylTrap enrichment protocol.  

3.3 Results and discussion 

 MethylTrap fractionation of industrial yeast 

 As with the PC-3 results in Chapter 2, MethylTrap enrichment of industrial yeast samples 

identified unique methylated peptides that are otherwise unseen in the input (Figure 3.1). 11% of 

the identified methylated peptides were exclusive to the retained fraction, and 29% were exclusive 

to the unretained sample. Enrichment unmasked otherwise undetected methylated peptides in the 

input sample since 96% and 82% of the retained and unretained peptides were unseen in the input. 

MethylTrap fractionation increased the number of methylated peptide identifications by 42%.  
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Figure 3.1 MethylTrap fractionation increases the number of unique identified methylated peptides 

relative to the input sample in a yeast proteomics experiment. Yeast cell lysates were enriched using 

MethylTrap, and the input control sample, as well as the MethylTrap retained and unretained 

fractions were submitted for proteomics analysis. All methyl PTM sites in each sample were 

tabulated and counted. Venn diagrams show the overlap in the number of unique mono- (left), di- 

(middle), and tri-methylated (right) PTM sites identified. The shaded sectors show methyl PTMs that 

are only visible after MethylTrap enrichment. Venn diagrams include unique methylated peptides 

from two biological and two technical replicates of yeast proteins.  

 Reproducibility of MethylTrap enrichment   

Peptide identifications are more technically reproducible than methyl PTM identifications 

(Table 3.1). For all identified peptides, the retained sample reproducibly retained 13% and 35% of 

the same peptides, the unretained 36% and 33%, and the input 35% and 33% for the set of TR for 

BR 1 and BR 2, respectively. The reproducibility for the TRs for both BRs’ methylated peptide 

identifications were 0% and 7.4% for the retained fraction, 7.3% and 9.2% for the unretained 

sample, and 7.2% and 5.1% in BR 1 and BR 2, respectively. These numbers are between 33 – 36% 

for peptide ID and between 5.1 – 9.2% for the methylated peptides, with the exception of the 

retained fraction for BR 1. One of the retained TR of BR 1 identified zero Me2 and Me peptides, 

and only two Me3 peptides (refer to Figure S 2 – 4 for Venn diagrams). The 49 and 68 

identifications for Me2 and Me identifications were attributed to one of the TR of BR 1. Sample 

preparation was performed with the identical MethylTrap enrichment protocol, so the cause for 

the low methylated peptide identifications in such sample is unknown. Regardless, average 

reproducibility of peptide IDs between all TRs was 31±8.8% and 6.0±3.2% for all peptides and 

methylated peptides, respectively. 
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Table 3.1 Overlap in methylated peptide identifications between yeast technical replicates for each 

biological replicate (represented by ‘1’ and ‘2’) of the MethylTrap enrichment fractions. Refer to 

Figures S 2 – 4 for overlap between technical replicate Venn diagrams.  

Fraction 

Overlap / all identified 

Me3 Me2 Me All IDs 

1 2 1 2 1 2 1 2 

Retained 0 / 37 1 / 23 0 / 49 5 / 37 0 / 68 2 / 48 106 / 807 521 / 1476 

Unretained 7 / 104 12 / 132 5 / 129 8 / 137 19 / 194 25 / 220 1449 / 3934 1152 / 3439 

Input 8 / 151 0 / 140 10 / 141 8 / 168 18 / 209 20 / 238 1163 / 3370 1133 / 3403 

 

Peptide identifications were most reproducible in the unretained fraction and least 

reproducible in the retained fraction (Figure 3.2). 

 

Figure 3.2 Yeast biological replicates had better reproducibility for all peptide (“All IDs”) than for 

methylated peptides, and the retained sample has lowest reproducibility. Results from two technical 

replicates were combined and counted together to create data for a single biological replicate (e.g. 

“Yeast replicate 1”). Venn diagrams of the overlap of identifications of individual methyl marks, as 

well as for all peptide identifications, are shown. Input, Unretained, and Retained fractions (see 

chapter 2) were processed and analyzed separately. The column labeled “all IDs” includes data for 

all of the identified peptides in each fraction (methylated and non-methylated alike). 



 

 

58 

For all identified peptides (methylated and unmethylated alike), 63% were present in both 

unretained biological replicates, 52% for the input, and 25% for the retained. For the methylated 

peptides, 23% of the unretained were shared between biological replicates, 17% for the input, and 

4.8% for the retained. Based on the overlap of BR input peptide identifications (63%), sample 

preparation seems reproducible, but methylated peptide identification is not as reproducible. The 

lowered reproducibility for the methylated peptide identifications relative to the peptide 

identifications across all fractions may be attributed to their low abundance in the complex sample. 

This is the confounding issue of PTM studies that enrichment hopes to minimize. Once the 

complexity of the precursor ion exceeds the instrument’s duty cycle, stochastic selection of higher 

abundance ions undergo fragmentation.56 A method to increase reproducibility across replicates 

could be to align the replicate’s retention times for the peptide precursors.139 Retention time 

alignment demonstrated a 19% increase in reproducibility between phosphopeptide enrichment 

studies.  

 Comparison of reproducibility between MethylTrap enrichment and 

antibody enrichment 

 Low reproducibility is common to many methyl enrichment protocols. To make this 

conclusion, we examined results from proteomics done with anti-methyllysine antibodies 

described in literature. Bremang et. al. scrutinized five polyclonal anti-methyllysine antibodies 

purchased from Acris, Lifespan Biosciences, AbCam, and Immunechem.81 Five anti-methyllysine 

immunoprecipitations on the same HeLaS3 sample were analyzed by a single LC-MS/MS 

injection. A grand total of 54 methylation sites were observed between the five anti-methyllysine 

antibodies. 4% of the methyl identifications were seen in all five immuno-enriched samples, and 

60% of the identifications were exclusive to one of the five. In a paper by Guo et al., 

immunoaffinity purification of HCT116 cell methylated proteins with three lab-produced pan-

specific polyclonal antibodies (BL10749, BL10745, and D3978) led to the discovery of 132 

monomethyl, 35 dimethyl and 31 trimethyl sites.150 By inspecting the supporting information, we 

learned that there was an overlap of 10% in methylated peptide sequences between at least two of 

the three replicates and that only 6% of marks were seen in all three replicates. Directly comparing 

proteomic results that were obtained with different types of replicates, LC-MS/MS systems, 

databases, and statistics is not a straightforward process, but based on these results, MethylTrap 

enrichment of methyllysines had comparable reproducibility in the retained fractions. 5% of the 
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methylated peptides were in common between the two MethylTrap enriched BR. In total, there 

was a 20% overlap in the observed methylated peptides that were in common between the BR 

MethylTrap enrichment studies. In comparison to literature, immunoprecipitation and MethylTrap 

enrichment demonstrate similar enrichment reproducibility. 

More technical replicates for each BR could increase reproducibility of enrichment. In this 

part of the thesis, two TR were run for each BR. In general, at least three replicates are required 

for reproducible proteomic analysis.124 It has been reported that ten experiments must be replicated 

to obtain ~95% protein identification saturation in complex protein samples.151 The number of 

replicates required for proteomic analysis increases with sample size and complexity.152 An 

assessment of sample complexity and the number of new unique methylated peptides identified 

per run would help assess the number of replicates required to truly gauge the number of TR 

required to compare reproducibility between BRs.  

 GO analysis: Cellular component 

The MethylTrap column identified methylated peptides annotated to diverse cellular 

compartments (Figure 3.3). Within literature, the most observed methylated proteins are within 

the nucleus on histone proteins. This is of no surprise being histone proteins are the most detected 

methylated proteins.38 Now, growing bodies of evidence point towards global employment of 

methylation for cell regulation pathways, but they are still less detected than nuclear methylated 

proteins.38 Methylated peptides identified within the yeast and PC-3 cells were associated with 

proteins localized throughout the cell (Figure 3.3). The broad distribution of gene ontology terms 

for Cellular Compartment indicates broad and diverse cell protein sampling. Based on these 

results, cytoplasmic methylated proteins are comparably observed with respect to nuclear 

methylated proteins. More non-nuclear methylated proteins will be discovered with the use of 

enrichment technology and follow-up studies to validate and learn about individual methyl marks. 
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Figure 3.3 Gene ontology cellular component annotation of proteins with a mono, di, and 

trimethyllysine mark discovered within two biological and technical replicates for PC-3 (top) and 

yeast (bottom). 

  

0

10

20

30

40

50
%

 o
f 

a
n

n
o

ta
te

d
 g

e
n

e
s

GO term

PC-3: Cellular Component

Trimethyl Dimethyl Monomethyl

0

2

4

6

8

10

%
  

o
f 

a
n

n
o

ta
te

d
 p

ro
te

in
s

GO term

Yeast: Cellular Component

Trimethyl Dimethyl Monomethyl



 

 

61 

 GO analysis: Molecular function  

GO analysis showed an over-representation of broad molecular function terms for identified 

methylated proteins within both PC-3 and yeast datasets (Figure 3.4). Molecular function was 

associated with broad terms such as binding (GO:0005488), structural molecule activity 

(GO:0005198), catalytic activity (GO:0003824), enzyme regulator activity (GO:0030234), 

transporter activity (GO:0005215), and a low percentage of antioxidant activity (GO:0016209). 

These indicate diverse molecular functions of the identified methyl proteins.  

The narrow term electron carrier activity (GO:0009055) implies the role of lysine 

methylation in processes that regulate the transmembrane electrochemical gradient in both yeast 

and PC-3 cells. The methylated protein electron transfer flavoprotein β subunit (ETFB) was the 

one trimethylated protein identified within this dataset. ETFB transfers electrons from 

mitochondrial dehydrogenases to the main mitochondrial respiratory chain. To offer further 

credibility to this identification, this protein was previously discovered to be trimethylated by 

protein N-lysine methyltransferase METTL20 in 2014.153 A study from 2018 by Shimazu et. al. 

demonstrated the non-essential regulation of ETFB through trimethylation on its regulation 

loop.154 Loss of methylation was associated with higher ETFB catalytic activity which resulted in 

higher resistance to starvation. Mutations at such methylation site are known to cause metabolic 

disorders.155  

 Another shared narrow term within the yeast and PC-3 molecular function dataset is motor 

activity (GO:0003774)—a form of catalytic force generated by nucleoside triphosphate hydrolysis 

that propagates protein movement along microfilaments or microtubules. This is not surprising 

since methylation has been implicated in motor function since the late 60s.156,157,158 There is 

evidence that methylation is required for the skeletal myosin to bind to ATP.159 In support of this 

hypothesis, depletion of methyltransferase apical complex lysine methyltransferase (AKMT) in 

the human parasite Toxoplasma gondii inhibits activation of mobility and invasion.160 The role of 

AKMT is involved with the positioning of glideosome-associated connector (GAC) on actin 

through an unknown methylation mechanism.161 The thought is that it is activated by a methyl-

phospho switch.32 Further characterization of this process could be obtained if global identification 

of methylated substrates before and after AKMT depletion was performed. Putative AKMT 

substrates arising from such a proteomics study could be confirmed by microarray analysis.   

 Inferences could be made that the molecular function of methylation for GO terms only 

present in PC-3 are specific to mammalian cell types or prostate cancer, but the absence of these 
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GO terms in yeast could be an artifact of incomplete sampling. Just because some things weren’t 

detected does not mean they are not there. As such, I cannot confidently compare the usage of 

methylation within yeast and PC-3 cells, but I can look at the usage of methylation in PC-3 

molecular functions. The two broad molecular function GO terms exclusive to PC-3 were 

translation regulator activity (GO:0045182) and molecular transducer activity (GO:0060089). The 

narrow term chemoattractant activity (GO:0042056) was also identified. Not much meaning can 

be derived from the broad terms other than a general association of translation regulation and 

control of regulatory components with methylation. As for the small sliver of di and trimethylated 

proteins in the PC-3 sample associated with chemoattractant activity, this percent was completely 

attributed to the protein collectin-10 (accession number:Q9Y6Z7), a lectin that regulates cell 

migration towards the sugar molecule. No known lysine methylation marks were previously 

reported for collectin-10. This may be a novel methylation pathway that could be confirmed by 

more detailed follow up studies. 

 The broad term exclusive to yeast was protein tag (GO:0031386). Again, there was only 

one protein associated with this GO term, and it was the ubiquitin-like protein, SMT3 (accession 

number:Q12306). This protein is deposited on other proteins as a SUMOylation PTM and it is 

involved with the regulation of gene expression.162 Lysine methylation was not previously reported 

on this protein, but thas been noted to be phosphorylated.163 There is no current literature 

discussing the purpose of PTMs on SMT3.  
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Figure 3.4 Gene ontology molecular function annotation of proteins with a mono, di, and 

trimethyllysine mark discovered within two biological and technical replicates for PC-3 (top) and 

yeast (bottom). 

 GO analysis: Biological processes 

Methylated proteins were annotated to diverse and broad biological processes GO terms in 

both yeast and PC-3 cell samples (Figure 3.5). The broad level terms associated with both PC-3 

and yeast were as follows: cellular process (GO:0009987), metabolic process (GO:0008152), 

biological regulation (GO:0065007), response to stimulus (GO:0050896), localization 

(GO:0051179), multicellular organismal process (GO:0032501), developmental process 
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(GO:0032502), reproduction (GO:0000003), multi-organism process (GO:0051704), growth 

(GO:0040007), and locomotion (GO:0040011). These are all broad and diverse terms that only 

show that methylation is employed in a broad array of biological processes. The narrower terms 

shared by both cell types were establishment of localization (GO:0051234) and reproductive 

process (GO:0022414). Establishment of localization is still fairly broad as it details genes 

involved with movement, binding, or selective degradation. Same with reproductive process since 

it is any gene associated with the cell cycle. Regardless, lysine methylation has been previously 

correlated with reproductive processes such as the cell cycle.164,165 A classic example would be 

p53.4 Confirmation and further analysis of the methylated proteins annotated to reproductive 

processes could shed light on its function within this biological process.  

 Exclusive to the PC-3 dataset were the broad terms biological adhesion (GO:0022610), 

rhythmic process (GO:0048511), cell killing (GO:0001906), and pigmentation (GO:0043473). 

Methylation is thus correlated with intracellular attachment, physiology rhythms, necrosis, and 

pigment accumulation in PC-3 mammalian cells. Methyltransferases have been linked to 

regulation of physiology rhythms, but the substrates involved with the process are not 

known.166,167,168 MethylTrap enrichment before and after methyltransferase depletion or various 

contexts of physiology rhythms could help characterize the substrates of these methyltransferases 

and the use of methylation within the context of physiology rhythms.  
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Figure 3.5 Gene ontology biological processes annotation of proteins with a mono, di, and 

trimethyllysine mark discovered within two biological and technical replicates for PC-3 (top) and 

yeast (bottom). 
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 Limitations of GO analysis 

 Sampling bias and the open world assumption must be taken into consideration when 

analyzing GO results. Results cannot be analyzed with the notion of complete or random sampling. 

The GO annotations obtained are a subset of the total cellular methylated peptides based on sample 

processing and identification strategy. We must keep in mind this methods’ sampling bias based 

on purification method (chloroform/methanol protein precipitation), protease choice (highly basic 

peptides with low E residue content), and enrichment strategy (MethylTrap enrichment) when 

deriving biological meaning from results. As for the GO annotations themselves, the open world 

assumption must be considered when deriving biological meaning from gene sets—unknown 

function does not equate absence of function and known function does not equate the true 

function.169 The date when the GO annotations were produced must be noted because GO 

functional terms are dynamic. GO functional terms added and removed regularly based on 

continuing research, so the closed world assumption of the GO annotations reported in this thesis 

may not hold true in the future.170  

3.4 Conclusions 

The first objective, to enrich and identify methylated peptides in real-world industrial 

brewers’ yeast samples, was met. This technology can be used as a tool to identify unique 

methylated peptides that are otherwise masked in the unfractionated sample. Given that there are 

three degrees of lysine methylation, this process is highly complex and knowledge about its exact 

mechanism of enrichment remains limited. MethylTrap fractionation allowed characterization of 

each degree of methylation from industrial samples that were unseen in the unfractionated input 

sample. With this technique, industrial yeast can be further investigated to increase the 

understanding of protein methylation in cells.  

My next objective, to assess the reproducibility of the identifications discovered with 

MethylTrap enrichment, was also achieved. The observed reproducibility was poor, but in fact 

similar to the poor reproducibility observed for other methyl enrichment methods. The 

reproducibility between the BRs for all identified peptides (methylated and unmethylated alike) 

was 63% for the unretained sample, 52% for the input, and 25% for the retained. For the 

methylated peptides, 23% of the unretained were shared between biological replicates, 17% for 

the input, and 4.8% for the retained. As with all proteomics experiments, performing more TR 

would increase the reproducibility of the BRs.  
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My last objective, to survey the biological function and cellular compartment of the 

methylated peptides identified in the yeast and PC-3 cells using GO analysis, was also met. 

Methyllysine proteins were annotated with functionally and biologically diverse genes that 

localize throughout most cellular components within both industrial yeast and PC-3 mammalian 

cell. This brings biological meaning to the use of methylation in cellular processes.  

3.5 Future work 

The percentage of methylated peptides identified in the retained fraction was lower than that 

of other PTM enrichment technologies. Phosphopeptide enrichment studies have obtained 

selectivity of > 90%.139 Phosophopeptide enrichment selectivity has been achieved by fine-tuning 

the binding buffer conditions and the enrichment reagent to obtain high selectivity. MethylTrap 

binding conditions and calixarene substitutions could be further analyzed to achieve higher 

selectivity for the methylated peptides over the unmethylated peptides. MethylTrap enrichment 

may be used as a chemical enrichment strategy analogous to the chemical phosphopeptide 

enrichment once all the conditions of the MethylTrap methylated peptide enrichment are 

optimized.  

Additional fractionation steps may be added to this protocol to increase the number of unique 

identified methylated peptides. Further fractionating and separately analyzing the divided sample 

will increase the overall number of identified proteins with LC-MS/MS by parsing the dynamic 

concentration range of the proteome. There are a variety of methods to increase separation of 

proteins. For in depth analysis of subcellular methyl proteomes, organelle isolation (such as 

nuclear extraction) can remove signal convolution caused by proteins of other cellular 

localization.171 Another option could be sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE)—prior to enrichment, proteins could be separated on a gel based on 

their molecular weight.172 Proteins of high, medium, and low molecular weights could be 

individually enriched and analyzed with LC-MS/MS. Moreover, this methyllysine enrichment 

may be performed on samples previously enriched by protein capture (such as the protocol by 

Gozani and coworkers).83 Protein capture followed by calixarene enrichment would allow 

identification of specific methylated sites that are otherwise unseen. If increasing depth of 

coverage of the enriched sample is the main analytical objective, lengthening the HPLC gradients 

during LC-MS/MS analysis is a simple way to observe more peptide signals. The main drawback 
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of steps that increase fractionation is the length they add to the procedure. This method was 

optimized for in-depth methylated peptide analysis with a relatively short procedure. The trade-

off for more methylated peptide identifications is a longer preparative procedure. 
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MATERIALS 
Reagents 
▪ Mammalian or yeast cells 

▪ Dithiothreitol (DTT, Chem-Impex, cat. no. 00127)  

▪ Iodoacetamide (IAA, Sigma-Aldrich, cat. no. I1149)  

▪ Guanidine hydrochloride (Sigma-Aldrich, cat. no. G3272) 

▪ Potassium phosphate dibasic (Sigma-Aldrich, cat. no. P3786) 

▪ Potassium phosphate monobasic (Sigma-Aldrich, cat. no. P0662) 

▪ Sodium phosphate monobasic (Caledon Laboratory Chemicals, cat. no. 04243) 

▪ Sodium phosphate dibasic (VWR, cat. no. BDH9266) 

▪ Sodium chloride (NaCl, Sigma-Aldrich, cat. no. S9888) 

▪ Potassium chloride (VWR, cat. no. BDH9258) 

▪ Glu-C Sequencing Grade Protease (Promega, cat. no V1651) 

▪ cOmplete, Mini, EDTA-free, EASYpack, 30 Tab (Sigma-Aldrich, cat. no. 04693159001) 

▪ Bradford reagent (Bio-rad, cat. no. 5000002) 

▪ Bovine Serum Albumin (BSA, Sigma-Aldrich, cat. no. A3608) 

▪ Ammonium bicarbonate (Bio Basic, cat. no. AB0032) 

▪ Chloroform (VWR, cat. no. BDH1109) 

! CAUTION Chloroform is toxic if inhaled and harmful if swallowed. Wear protective 

gloves and safety goggles when handling. Always work with chloroform in a fume hood.  

▪ Methanol (Thermo Fisher, cat. no. A452) 

! CAUTION Methanol is toxic if inhaled, swallowed, or in contact with skin and eyes. 

Always work in with methanol in a fume hood. 

▪ Sodium hydroxide (VWR, cat. no. CA71008) 

! CAUTION Sodium hydroxide is corrosive with skin. Wear protective gloves and safety 

goggles when handling. 

▪ 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, Thermo Fisher,  

cat. no. 22980) 

▪ 4-Sulfocalix[4]arene Hydrate (p-sulfonatocalix[4]arene, TCI Chem, cat. no. S0469) 

! CAUTION  p-sulfonatocalix[4]arene causes skin and eye irritation. Wear protective gloves 

and safety goggles when handling. Avoid inhalation.  

▪ Affi-Gel 102 (Bio-Rad, cat. no. 1532401) 

▪ 4-Chlorosulfonylbenzoic acid (Alfa Aesar, cat. no. A17337)  
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! CAUTION 4-Chlorosulfonylbenzoic acid is corrosive and causes severe skin burns and eye 

damage. Avoid inhalation. 

▪ Acetonitrile (Thermo Scientific, cat. no. A998) 

! CAUTION Acetonitrile irritates eyes, skin, and respiratory tract. Avoid inhalation.  

▪ Trifluoroacetic acid (Sigma-aldrich, cat. no. T6508) 

! CAUTION Trifluoroacetic acid causes severe skin burns and eye damage. Toxic if inhaled. 

Always work with trifluoroacetic acid in a fume hood.  

 

EQUIPMENT 
▪ PD MiniTrap G-10 (GE Healthcare, cat. no. 28918010) 

▪ Orbital Mixing Chilling/Heating Dry Bath (Torrey Pines, cat. no. SC20) 

▪ Tube rotator (Labquake® Tube Shaker & Rotator; Thermo Scientific, cat. no. 415110 

▪ Vacuum concentrator (Centrivap & Cold Trap Centrifugal Evaporator; Labconco, cat. no. 

78100-00) 

▪ Buffer filter (EMD Millipore™ Steritop™ Sterile Vacuum Bottle-Top Filters; Fisher 

Scientific, cat. no. SCGPS02RE) 

▪ 22G × 1 ½” needle (Terumo, cat. no. NN-2138R) 

▪ 0.45 μm PTFE filter (VWR, cat. no. CA28145) 

▪ Reverse phase HPLC column (Luna C18(2); Phenomenex, cat. no. 00G-4252-E0) 

▪ AKTA Prime (GE Life Sciences, cat. no. 8149-30-0006) 

▪ 870 PFA Tubing 1/16” x 1/8" x 1/32” (VWR, cat. no. 63014-260) 

▪ Flangeless Ferrule Tefzel, ¼-28 Flat-Bottom, for ⅛” OD (IDEX, part. no. P-300NX-CP) 

▪ Flangeless Fitting Short, Natural, PEEK, ¼-28 Flat-Bottom, for ⅛” OD (IDEX, part. no. 

XP-335-CP) 

▪ Union Body PEEK .050 thru hole, for ⅛” OD (IDEX, part. no. P-703-01) 

▪ Plug PFA, ¼-28 Flat-Bottom (IDEX, part. no. P-316) 

▪ Female Luer to ¼-28 Female (IDEX, part. no. P-628-CP) 

▪ Polyethylene Frits, PEEK-encapsulated (VICI-Jour part. no JR-1150-10P-5) 

▪ 8 mL FPLC column (ABT, cat. no. FPLC8-3) 

▪ Tubing cutter (VWR, cat. no. CA10500-508) 

▪ Oasis HLB µ-elution plate SPE (30 µm) (Waters, cat. no. 186001828BA) 

▪ Orbitrap Fusion Tribrid mass spectrometer (Thermo ▪ Fisher Scientific, San Jose, CA) 

equipped with a Nanospray Flex NG source (Thermo Fisher Scientific) 
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▪ Pierce Quantitative Fluorometric Peptide Assay (Thermo Fisher Scientific, cat. no. 

23290) 

 

REAGENT SETUP 
Yeast Cell Sample Collection 

Yeast cells were obtained from Phillips brewing company then stored at –80℃ in a 10% 

glycerol solution until lysed. 

PC-3 Cell Culturing 

Grow PC-3 cells till they reach 80% confluency in two T-175 culture flasks using RPMI 

1640 culture media supplemented with 10% Fetal Bovine Serum (FBS) (Sigma Aldrich). 

Maintain cells at 37℃ with 5% CO2 in a humidified incubator. 

Yeast Cell Lysis 

Wash yeast cells with ice-cold 50 mM ammonium bicarbonate buffer three times and count 

with a hemocytometer. Collect 1 × 109
 cells. Lyse in 1 mL of 50 mM ammonium 

bicarbonate using an equal volume of 0.5 mm acid-washed glass beads to total volume by 

vortexing for 1-minute followed by a 1-minute rest on ice. Repeat 8 times.  Collect 

supernatant and sonicate 3 times at half the max amps × 15 seconds with 30 seconds on 

ice between.  Centrifuge extract at 20,000× g for 30 min at 4℃ to pellet debris. 

PC-3 Cell Lysis 

Trypsinize two T-175 flasks of PC-3 cells (approximately 1 × 107
 cells total). Wash cells 

three times with ice-cold PBS. Resuspend in hypotonic buffer containing protease 

inhibitor. Add 0.5 mm acid-washed glass beads at a 2:1 bead-to-sample ratio. Lyse cells 

by vigorously vortexing for 2-minutes followed by 1-minute rests on ice. Repeat this cycle 

6 times. 

Phosphate buffer, 1 M, pH 9.0 

Add 142.0 g Na2HPO4 to 80 mL of deionized water in a 100 mL graduated cylinder with a 

stir bar. Stir until salts are dissolved. Once the salt dissolves, top up to 100mL with 

deionized water. Store in a buffer bottle at room temperature for up to 24 months. If sodium 

phosphate precipitates, gently heat and mix to resolubilize. 

NaOH, 1 M 

Put 4.0 g of NaOH in a 100 mL graduated cylinder with a stir. Add 80 mL of deionized 

water. Stir until dissolved. Once dissolved, top up graduated cylinder to 100 ml. Store in a 

buffer bottle at room temperature for up to 6 months. 

HCl, 1 M 

Put 3.6 g of HCl in a 100 mL graduated cylinder with a stir bar. Add 80 mL of deionized 

water. Stir until dissolved. Once dissolved, top up graduated cylinder to 100 mL with 

deionized water. Store in a buffer bottle at room temperature for up to 6 months. 
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Solvent A 

Solvent A is deionized water with 0.1% (v/v) TFA. Add 4 mL of TFA to 4 L of deionized 

water. 

Solvent B 

Solvent B is acetonitrile with 0.1% (v/v) TFA. Add 4 mL of TFA to 4 L of acetonitrile.  

LC Buffer 

Liquid chromatography (LC) buffer is a ratio of 1:9 deionized water to acetonitrile with 

~0.1% TFA. Combine 9 mL of deionized water with 1 mL of HPLC-grade acetonitrile. 

Add 10 μLL of TFA. 

DTT, 100 mM 

Put 154 mg of DTT into a 15 mL centrifuge tube. Add 10 mL of deionized water. Vortex 

until dissolved. Aliquot into 1.5 mL tubes. Store at -80℃ for up to 6 months. 

Iodoacetamide, 500 mM 

Put 925 mg of iodoacetamide into a 15 mL centrifuge tube. Add 10 mL of deionized water. 

Vortex until dissolved. Aliquot into 1.5 mL tubes. Store in dark at -80℃ for up to 6 months. 

Guanidine hydrochloride, 7 M 

Put 6.68 g of guanidine hydrochloride into a 10 mL graduated cylinder. Add deionized 

water to the 8 mL measurement line. Allow salt to dissolve, then top up to 10 mL with 

deionized water. Store 15 mL tube at room temperature for up to 12 months. 

Ammonium bicarbonate, 500 mM 

Dissolve 3.95 g of ammonium bicarbonate in a graduated cylinder with 80 mL of distilled 

water. Once salt dissolves, top up graduated cylinder to 100 ml. Store in a buffer bottle at 

room temperature for up to 6 months. 

NaOH, 50 mM 

Put 200 mg of NaOH into a 100 mL graduated cylinder with a stir bar. Add 80 mL of 

distilled water. Stir until dissolved. Top up graduated cylinder to 100 mL with deionized 

water. Store in a buffer bottle at room temperature for up to 6 months. 

Binding buffer 

Binding buffer is 50 mM phosphate buffer (pH 7.5). Add 6.41 g of anhydrous K2HPO4 

(dibasic) and 1.80 g of monohydrate KH2PO4 (monobasic) to 800 mL of deionized water 

in a 1L glass graduated cylinder containing a small stir bar. Stir at room temperature until 

salts dissolve. Once salts dissolve, top up solution to 1 L. Vacuum filter solution using a 

bottle top filter attached to a glass buffer bottle containing a stir bar. Leave filtration 

apparatus running for at least 1 hour. Store in the buffer bottle at room temperature for up 

to one month. 
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Elution Buffer 

Elution buffer is 50 mM phosphate buffer (pH 7.5) with 2 M ammonium chloride. Add 

106.98 g of ammonium chloride, 6.41 g of anhydrous K2HPO4 (dibasic), and 1.80 of 

monohydrate KH2PO4 (monobasic) to 800 mL of deionized water in a 1 L glass graduated 

cylinder containing a small stir bar. Stir at room temperature until salts dissolve. Once salts 

dissolve, top up solution to 1 L. Vacuum filter solution using a bottle top filter attached to 

a glass buffer bottle containing a stir bar. Leave filtration apparatus running for at least 1 

hour. Store in the buffer bottle at room temperature for up to one month. 
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PROCEDURE 

MethylTrap column preparation ● TIMING 6 d 
1 ǀ In a 25 mL round bottom flask containing a small stir bar, dissolve 100 mg of p-

sulfonatocalix[4]arene in min volume (approximately 1 ml) of 1 M phosphate buffer 

(pH 9.0).  

?  TROUBLESHOOTING 

2 ǀ Once p-sulfonatocalix[4]arene dissolves, adjust pH to 9.0 with 1 M NaOH and 1 M 

HCl. 

3 ǀ Add and dissolve 30 mg of 4-chlorosulfonyl benzoic acid in the round bottom flask. 

4 ǀ Adjust pH to 9.0 with 1 M NaOH and 1 M HCl.  

▲ CRITICAL STEP   pH must be a 9.0 for this reaction. Otherwise, p-sulfonatocalix[4]arene 

will not be monosubstituted with the 4-chlorosulfonyl benzoic acid. Once round bottom 

flask heats to 80℃, ensure pH is 9.0. 

 

5 ǀ Connect the round bottom flask to a condenser. 

6 ǀ Stir overnight at 80℃ in a paraffin oil bath. 

∎ PAUSEPOINT   After overnight incubation, solution may be stored at –20℃ indefinitely. 
 

7 ǀ Filter product from step 6 through a 0.45 μm PTFE VWR filter into a 1.5 mL HPLC 

vial.  

8 ǀ Isolate mono-substituted calixarene via HPLC with a C18 column running at flow 

rate of 20 mL min-1 (refer to figure 2 a. for the expected chromatogram). Use solvent 

A and solvent B as the mobile phase.  

i. Inject ~65 μL of your filtered product into the HPLC. 

ii. Elute unreacted 4-cholorsulfonylbenzoic acid by running solvent A at 90% and 

solvent B at 10% from 0 – 5 minutes. 

iii. Elute unreacted 4-sulfonatocalix[4]arene by gradient elution to 60% of solvent A and 

to 40% of solvent B over the next 5 – 13 minutes.  

iv. Elute mono-, di-, and tri-substituted 4-sulfonatocalix[4]arene by gradient separation 

from 60% to 10% of solvent A and 40% to 90% of solvent B over the next 13 – 17 

minutes. Refer to Figure 2.7 left for anticipated chromatogram. 

9 ǀ Collect the fraction containing the monosubstituted calixarene. 

?  TROUBLESHOOTING 

10 ǀ Repeat step 8 until all of product has been injected into the HPLC 

11ǀ Lyophilize MethylTrap until freeze-dried (~ 24 hours). 

∎ PAUSE POINT  Lyophilized product can be stored at room temperature indefinitely. 

 

12ǀ In a 1.5 mL tube, dissolve 10 mg of MethylTrap in 0.6 mL of binding buffer. 

▲ CRITICAL STEP  Mono-substituted calixarene is an ionic compound. This may pose 

problems when working with the lyophilized compound (drifting weight values, 

difficulties with handling, etc.). To minimize issues, avoid the use of gloves when handling 
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lyophilized product. An anti-static gun may also be used to reduce issues regarding the 

product’s electrostatic charge. 

 

13ǀ Adjust pH to 5 with 1M HCl and 1 M NaOH. 

14ǀ Add 0.7 mL Affigel 102 resin to the 1.5 mL tube containing mono-substituted 

calixarene 

15ǀ Briefly spin down beads in a mini-centrifuge, then aliquot 10 μL of the supernatant 

into 100 μL of LC solvent within a 1.5 mL HPLC vial with a glass insert. Cap the 

HPLC vial with an autosampler vial cap. Label this vial as “Pre-ECD” then store at 

room temperature.  

16ǀ Add 10 mg EDC to the 1.5 mL tube containing the mono-substituted calixarene and 

agarose beads. 

17ǀ Briefly vortex, and ensure pH is 5.0. 

▲ CRITICAL STEP  pH should be 5.0. Otherwise, the efficiency of this reaction will be 

reduced. EDC coupling may be performed in buffers up to the pH of 7.0 but the yields will 

be lowered. If performed in basic solution, the reaction will not occur.  

 

18ǀ Allow sample to incubate overnight at room temperature (20℃) on a rotisserie. 

19ǀ After overnight incubation, briefly spin down beads in a mini-centrifuge, then aliquot 

10 μL of the supernatant into 100 μL of LC solvent within a 1.5 mL HPLC vial with a 

glass insert. Cap the HPLC vial with an autosampler vial cap. Label this vial as “Post-

EDC”. 

20ǀ Run “Pre-EDC” and “Post-EDC” HPLC samples prepared in steps 15 and 19 using 

the same column and running conditions as described in step 8. 

21ǀ Compare integrations of the mono-substituted calixarene peaks in each sample. The 

“Post-EDC” peak should be comparatively smaller than the “Pre-EDC” peak. This is 

because calixarene has coupled to the agarose beads and is no longer suspended in 

solution. Refer to Figure 2.7 right for the anticipated chromatogram. 

▲ CRITICAL STEP  If the mono-substituted calixarene peak in the “Post-EDC” sample has 

not decreased in size when compared to the mono-substituted calixarene peak in the “Pre-

EDC” sample, then coupling has not occurred.  

?  TROUBLESHOOTING 

 

22ǀ After ensuring beads have effectively coupled to the agarose beads, wash beads as 

follows: 

i. Briefly spin the resin in a mini-centrifuge.  

ii. Remove the supernatant. 

iii. Add 1 mL of deionized water to the beads. 

iv. Briefly vortex, then settle the beads to the bottom of the 1.5 mL tube with a short spin 

in a mini-centrifuge (~3 seconds), then leaving the beads undisturbed for ~30 

seconds.  

v. Remove supernatant. 

vi. Repeat steps iii – v twice more. 

vii. Add 1 mL of elution buffer to the beads. 
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viii. Briefly vortex, then settle the beads to the bottom of the tube with a short spin in a 

mini-centrifuge (~3 seconds), then leaving the beads undisturbed for ~30 seconds.  

ix. Remove supernatant. 

x. Repeat steps vii – xi twice more. 

xi. Repeat steps iii – v three times. 

 

 

 

 
Figure S 1 a) Column loading assembly used in steps 33 – 40 b) final assembled column. 

 

23ǀ To build the column, cut 27 cm of 1/16”×1/8” ×1/32” 870 PFA tubing with a tubing 

cutter. This is the column tubing. 

24ǀ Slide a flangeless fitting and flangeless ferrule over the tubing. 

25ǀ Push the widest part of the flangeless ferrule to the end of the tubing such that it sits 

flat with the edge of the tube. Slide the flangeless fitting over the narrow portion of 

the ferrule. 

26ǀ Place a frit into one side of a union, then screw the flangeless fitting from step 24 into 

the side of the union that contains the frit. 

27ǀ Cut 10 cm of 1/16” ×1/8” ×1/32” 870 PFA tubing with tubing cutters.  

28ǀ Repeat steps 24 and 25 with the tubing cut in step 27. This is the wash tubing. 

29ǀ Screw the flangeless fitting of the 10 cm tube from step 27 into the union body 

attached to the column tubing assembled in step 26. 

30ǀ To the other side of the column tubing, perform steps step 24 and 25.   

31ǀ Attach a female luer and cap to an 8 mL FPLC column. 

32ǀ Screw the female luer of the 8 mL FPLC column of step 31 to the flangeless fitting 

from step 30. This is the column loading assembly as shown in figure 3 a.  

▲ CRITICAL STEP   Ensure the column is assembled as in Figure S 1a. If not, column loading 

will not be successful. 

 

33ǀ Wash the tubing as follows: 

a) 

 

 

 

 
b) 
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i. Fill the reservoir of the 8 mL FPLC column with methanol. 

ii. Push the methanol through the column by attaching a 10 mL syringe and plunger to 

the 8 mL FPLC column’s cap, then pushing the plunger of the syringe. 

iii. Repeat steps i and ii twice more. 

iv. Repeat steps i and ii three times, but with deionized water instead of methanol. 

34ǀ  Fill half of the 8 mL FPLC column’s reservoir with deionized water, then transfer the 

column resin (henceforth termed “MethylTrap” resin/beads) into the 8 mL FPLC 

column’s reservoir. 

▲ CRITICAL STEP   Reduce loss of residual MethylTrap beads left in the 1.5 mL tube by 

resuspending the beads left within the 1.5 mL tube in deionized water. Once the beads have 

slurried, transfer the slurry to the 8 mL FPLC columns’ reservoir. Repeat until the large 

majority of the MethylTrap beads have been transferred from the 1.5 mL tube to the 

reservoir of the 8 mL FPLC column. 

 

35ǀ Once the beads have been transferred into the 8 mL FPLC column, fill the remaining 

volume of the reservoir with deionized water. Cap the top of the 8 mL FPLC column.  

36ǀ Attach a 30 mL plastic syringe to the top of the assembled 8 mL FPLC column that 

now contains the MethylTrap beads. 

37ǀ With steady pressure, push the plunger of the 30 mL syringe. This allows the 

MethylTrap beads to enter the column. 

▲ CRITICAL STEP   Flick the column while packing to avoid compaction. The goal is to 

evenly distribute the MethylTrap beads throughout the tubing. 

 

38ǀ Once half the contents of the 8 mL FPLC column have passed through the column 

tubing, remove the 8 mL FPLC column’s cap, and re-fill its reservoir with deionized 

water.  

39ǀ Re-cap the 8 mL FPLC column and re-attached the 30 mL plastic syringe to the cap.  

40ǀ Repeat steps 38 – 39 until all the MethylTrap beads have entered the column. This 

should be repeated at least 3 – 4 times.  

▲ CRITICAL STEP   When refilling the reservoir with deionized water, take a moment to 

pipette up and down in the 8 mL FPLC column to produce a slurry of MethylTrap beads. 

The MethylTrap beads are more likely to enter the column when slurried. 

 

41ǀ Once the MethylTrap beads have been packing into the tubing, replace the wash 

tubing with an end plug. This is the MethylTrap column.  

42ǀ Replace the column’s female luer attached to the flangeless fitting with a union that 

contains a frit. Screw a plug to the other side of the union. Both ends of the column 

should now be identical. The assembled column should resemble Figure S 1 b 

43ǀ Attach the assembled column to an AKTA prime. Leave it running overnight with 

elution buffer running through it at a flow rate of 0.2 ml/min. 

▲ CRITICAL STEP   Avoid introducing air into the MethylTrap column when connecting it 

to the AKTA prime. Hold the column upright and allow elution buffer to run into the union 

of the column prior to connecting the MethylTrap column to the AKTA prime. Refer to 

step 77 for a detailed explanation for connecting MethylTrap column to the AKTA prime.  
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?  TROUBLESHOOTING 
 

44ǀ After washing the MethylTrap column overnight, pack the MethylTrap column by 

running elution buffer at a flow rate of ~0.5 ml/min. Flick the MethylTrap column to 

evenly distribute the MethylTrap beads throughout the tubing.   

45ǀ Cut off any headspace with tubing cutters, then re-attach the ferrule, flangeless fitting, 

frit, and union. Screw a plug into the union body. Again, the assembled column 

should resemble Figure S 1b. The MethylTrap column is now ready for use!  

?  TROUBLESHOOTING 

 

 

PROTEIN PREPARATION ● TIMING 3 d 

46ǀ Denature 0.5 mL of extracted protein with 0.5 mL of 7 M guanidine hydrochloride 

and 111 μL of 100 mM DTT in a 1.5 mL amber tube. Briefly vortex, then incubate 

for 30 minutes at 65℃. 

47ǀ Cool denatured protein extract on ice for 10 minutes. 

48ǀ In the dark, alkylate the cysteine residues within the denatured proteins from step 47 

by adding 123 μL of 500 mM iodoacetamide. Briefly vortex, then incubate for 30 

minutes at room temperature.  

▲ CRITICAL STEP   Alkylation must be performed in the dark. If the reaction is exposed to 

light, free iodine will form then potentially react with tyrosine, histidine, or tryptophan 

residues. 

 

∎ PAUSE POINT   After the 30-minute incubation, proteins may be stored at –80℃ 

indefinitely. Thawing must be performed quickly, and the alkylated protein must promptly 

be added to chloroform/methanol solution to quench alkylation reaction. 

 

49ǀ In a 15 mL tube add: 1 mL of alkylated protein, 4 mL of ice-cold methanol, 4 mL of 

ice-cold deionized water, and 1 mL of ice-cold chloroform.  

▲ CRITICAL STEP   Ensure that your lab equipment (tubes, pipettes, etcetera) are compatible 

with methanol and chloroform. Otherwise, plastics will leach and thus contaminate your 

protein sample. 

 

50ǀ Vortex at maximum speed setting for 1 minute. 

51ǀ Centrifuge for 5 minutes at maximum rpm. 

52ǀ Immediately remove the top aqueous layer above the interfacial protein precipitation. 

▲ CRITICAL STEP   Do not allow the interfacial protein precipitant to sit following the 

centrifugation in step 45. If left with aqueous phase, the interfacial protein precipitant may 

redissolve. This lowers protein yields. If the aqueous phase is at all turbid, re-centrifuge 

the tube for 5 minutes at max rpm.  

 

53ǀ Add 4 mL of methanol to the chloroform and protein precipitation. 

54ǀ Vortex at maximum speed setting for 1 minute.  

55ǀ Centrifuge for 5 minutes at maximum rpm.  
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56ǀ Completely remove liquid from protein pellet.  

57ǀ Allow protein pellet to dry by leaving the lid off the 15 mL tube in a fume hood. 

▲ CRITICAL STEP   Allow protein pellet to completely dry—but do not over dry (overdried 

protein will appear to be “cracking”). Over or under drying protein pellet will prove 

difficult to resuspend.  

 

58ǀ Once the protein pellet is dried, resuspend the pellet in 150 μL of 50mM NaOH. 

59ǀ Sonicate the protein pellet 5 minutes. 

▲ CRITICAL STEP   If a large protein pellet persists after the 5-minute sonication, perform 

an additional 5-minute sonication.  

 

60ǀ Add 750 μL of distilled water and 100 μL of 500 mM ammonium bicarbonate. 

61ǀ Perform an additional sonication for 5 minutes. 

62ǀ Pellet non-soluble protein by centrifugation at 4oC and maximum rpm for 45 minutes. 

63ǀ Remove supernatant. Supernatant is the purified protein. 

∎ PAUSE POINT   Protein may be stored at –80℃ indefinitely. 

 

64ǀ Determine protein concentration by a Bradford assay 

?  TROUBLESHOOTING 

 

65ǀ Aliquot 2 mg of your purified protein into a 15 mL tube. 

66ǀ Add 20 μg of Glu-C protease to the 15 mL tube containing 2 mg of purified protein. 

67ǀ Briefly vortex at maximum speed to homogenize the Glu-C throughout the purified 

protein solution. 

68ǀ Evenly distribute the purified protein solution that now contains Glu-C into 1.5 mL 

tubes. 

69ǀ Incubate the 1.5 mL tubes with purified protein and Glu-C at 37oC for 18 hours using 

a heating block. 

70ǀ Remove digest from heating block and set heating block to 100oC 

71ǀ With a needle, make a small hole in the top of each tube containing the digest to 

avoid pressure buildup. 

72ǀ Once the heating block warms to 100℃, quench digestion by boiling the digest for 10 

minutes. 

73ǀ Remove digest from the heating block, then concentrate it down to < 300 μL with a 

CentriVap concentrator.  

∎ PAUSE POINT   Digest may be stored at –80℃ indefinitely. 

 

74ǀ Perform sample clean-up as described by PD MiniTrap G-10 protocol. Equilibration 

buffer will be binding buffer.   

∎ PAUSEPOINT   Peptides may be stored at –80℃ indefinitely.  
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AKTA PRIME ENRICHMENT ● TIMING 2 d 

75 ǀ Prime one of the lines of the AKTA prime with elution buffer at a flow rate of 10 

ml/min until conductivity reaches >220 mS/cm. 

76 ǀ Once conductivity reaches >220 mS/cm, prime the other line of the AKTA prime 

with binding buffer at a flow rate of 10 ml/min until conductivity reaches < 9 mS/cm. 

77 ǀ Connect the MethylTrap column to the AKTA prime as follows: 

i. Set the flow rate of binding buffer to 0.3 ml/min. 

ii. Unscrew the top plug of the MethylTrap column while holding it upright.  

iii. Unscrew the union body that connects the AKTA prime’s line between the injection 

valve and optical unit. Removal of the union will disconnect the ferrule and fitting on 

both lines. 

iv. Allow binding buffer to flow from the AKTA prime’s line connected to the injection 

value into the union body of the MethylTrap column. Fill >1/4th of the union’s void 

space with binding buffer. 

▲ CRITICAL STEP   Do not allow air to enter to MethylTrap column. By allowing air to enter 

the MethylTrap column, the beads will dry out. This will drastically reduce the life-span of 

the MethylTrap column.  

 

v. Connect the MethylTrap column’s union body to the fitting of the AKTA prime’s line 

connected to the injection value.  

vi. Immediately unscrew the other plug of the MethylTrap. Do not worry about the 

orientation of the MethylTrap column henceforth. 

vii. Connect MethylTrap column’s union to fitting of the AKTA prime’s line connected 

to the optical unit. 

 

78 ǀ Flow binding buffer through the column at a flow rate of 0.3 ml/min until 

conductivity reaches <9 mS/cm. 

▲ CRITICAL STEP   Do not increase the flow rate above 0.3 ml/min. Higher flow rates will 

lead to MethylTrap agarose bead compaction, which will decrease the life-span of the 

MethylTrap column. 

 

79 ǀ While the MethylTrap column equilibrates, prepare the sample loop. 

i. Push 5 mL of 1M NaOH solution through the injection needle with a 5 CC syringe. 

ii. Repeat the NaOH injection needle washes twice more for a total of 15 mL of 1M 

NaOH solution.  

iii. Repeat steps i and ii but do so with binding buffer in lieu of 1M NaOH. 

iv. Attach a 1 mL sample loop to the AKTA prime. 

v. Pause run. 

vi. Set injection valve position to “load”. 

vii. With the injection needle connected to a 5 CC syringe, inject 5 mL of binding buffer 

through the sample loop. 

viii. Set injection valve position to “inject”, then remove injection needle from the 

injection valve. 

ix. Re-fill syringe with 5 mL of binding buffer.  
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x. Insert needle into the injection value.  

xi. Set injection valve position to “load”. 

xii. Inject 5 mL of binding buffer through the sample loop. 

xiii. Repeat steps viii – xii twice more. 

xiv. Un-pause run. 

▲ CRITICAL STEP   Do not insert or remove the injection needle from the AKTA prime’s 

inject valve when in “load” position. This may introduce air into the sample loop. Air in 

the sample loop will be seen as an anomaly in the chromatographic trace upon sample 

injection. Ensure the inject valve position is set as “inject” before inserting or removing 

injection needle. 

 
80 ǀ Input the following method into the AKTA prime: 

i. Set the flow rate to 0.3 mL / min and fraction volume to 0.5 mL for the entire method.  

ii. Add breakpoint 1 at 0.0 mL where injection valve is in “load” position and% buffer B 

is 0. Load the sample into the sample loop with the cleaned injection needle. 

iii. Add breakpoint 2 at 2.0 mL where inject valve is in the “inject” position. Autozero 

and event mark at this breakpoint. This is when the peptides will inject and enter the 

MethylTrap column. 

iv. Add breakpoint 3 at 3.0 mL where injection valve is in “load” position. Event mark at 

this breakpoint. This is when the peptides that are not retained by the MethylTrap 

column are washed from the column. 

v. Add breakpoint 4 at 6.3 mL where% buffer B is 0%. This is the start of the gradient 

elution of the peptides retained in the MethylTrap column. 

vi. Add breakpoint 5 at 11.3 mL where% buffer B is 100%. This is the end of the 

gradient elution of the peptides retained in the MethylTrap column.  

vii. Add breakpoint 6 at 23.7 mL where% buffer B is 100%. This is the isocratic elution 

of peptides retained in the MethylTrap column.  

81 ǀ Start the system method then immediately pause the run. 

82 ǀ Place 44 labelled 1.5 mL tubes in the fraction collector tubes of the AKTA prime. 

83 ǀ Inject the 0.5 mL peptide mixture as follows: 

i. Set inject valve position to “inject” 

ii. Uptake peptide sample with injection needle that is attached to a 1 mL syringe. 

iii. Place injection needle into the inject valve 

iv. Set inject valve position to “load” 

v. Inject sample into sample loop. 

▲ CRITICAL STEP   Do not introduce air when injecting peptide sample into the sample 

loop. Air in the sample loop will be seen as an anomaly in the chromatographic trace upon 

sample injection.  

 

84 ǀ Un-pause the method and allow to run to completion.  

85 ǀ Collect corresponding fraction of the first and second chromatographic absorbance 

reading. This first absorbance reading fractions are the “unretained” peptides, and the 

second absorbance reading fractions are the “retained” peptides. Refer to Figure 2.5 

left for the anticipated chromatogram.   
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?  TROUBLESHOOTING 

 

86 ǀ Individually pool the “unretained” and “retained” fractions. 

87 ǀ With a vacuum concentrator, concentrate both the “unretained” and “retained” 

samples such the each has a final volume of each sample is ~0.5 ml. 

∎ PAUSEPOINT   “Retained” and “unretained” samples may be stored at –80℃ indefinitely.  
 

88 ǀ Perform assay as described by PierceTM Quantitative Fluorometric Peptide Assay 

protocol.  
 

LC-MS/MS 
Refer to chapter 2’s experimental procedure for LC-MS/MS analysis procedure. 

 

Timing 
Steps 1 – 45, MethylTrap column preparation: 6 d 

 Step 1 – 6, d 1, synthesis of functionalized calixarene: 1 h 

Step 7 – 11, d 2, purification of mono-substituted calixarene: 8 h 

Steps 12 – 18, d 4, coupling mono-substituted calixarene to agarose beads: 1 h 

Steps 19 – 21, d 5, MethylTrap resin synthesis: 2 h 

Steps 21 – 45, d 6, packing MethylTrap column: 1 h 

Steps 46 – 74, protein preparation: 2 d 

 Steps 46 – 69, d 1, protein purification and digestion: 6 h 

 Steps 70 – 74, d 2, quenching digestion and peptide cleanup: 4 h 

Steps 75 – 88, ATKA Prime enrichment: 1 d 

 Steps 75 – 85, methyllysine peptide enrichment with MethylTrap column: 2 h 

 Steps 87 – 88, peptide preparation for LC-MS/MS analysis: 3 h 
 

Table S 1 ǀ Troubleshooting table 

Step Problem Possible reasons Solution 

MethylTrap column preparation 

1 p-sulfonatocalix[4]arene will 
not dissolve in phosphate 
buffer. 

Phosphate buffer was prepared with a 
potassium counterion, not a sodium 
counterion. p-sulfonatocalix[4]arene is not 
soluble in in potassium phosphate buffer. 

Remake phosphate buffer with a sodium counterion. p-
sulfonatocalix[4]arene is not soluble in in potassium 
phosphate buffer. 

9 Small monosubstituted 
MethylTrap peak 

pH was not at 9.0 when functionalizing p-
sulfonatocalix[4]arene 

Re-do synthesis, and ensure pH is at 9.0 once EACH 
reagent has been dissolved. Check pH before and after 
solution is heated to 80℃ as well. 

21 Coupling was not effective 
when analyzed with HPLC 

pH may have been too basic. This leads to 
unsuccessful EDC coupling 

Re-do EDC coupling and ensure pH is 5.0. Ensure pH is 
still at 5.0 halfway through incubation. 

Buffer used contained carboxyls or amines. 
This would competitively react with the 
reagents, so the product would not form. 

Use phosphate or MES as your buffer. 

43 AKTA prime back pressure is 
high (> 0.30 mPa) 

The frit has a clog. Remove frit from union body, and soak in methanol. 
Then, soak in deionized water. Alternatively, use a new 
frit. 
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Column bed has compacted. Re-couple MethylTrap to agarose beads then reduce 
the applied pressure and increase flicking frequency 
when injecting MethylTrap into the column (step 37). 

45 Column is short (< 70 cm) Agarose beads were lost during bead 
washings (step 22) 

Re-couple MethylTrap to agarose beads and allow 
beads to fully settle prior to removing supernatant in 
step 22. Leave some supernatant to lower the risk of 
discarding your resin. 

  Ineffective agarose bead transfers resulted 
in low yields of MethylTrap beads. 

Wash out the tube that contains residual agarose beads 
to increase the final yield of MethylTrap agarose beads 
(step 34) 
 

Protein preparation 

64 Bradford protocol indicates 
low protein concentrations 
(<0.1 mg/ml) 

Protein solubilisation may not have been 
successful. 

Ensure that the pellet was sufficiently (but not overly) 
dried in step 57. Re-do the protein precipitation and 
allow the protein pellet to dry for no longer than it 
takes to evaporate the residual solvent. 

 Aqueous phase of the protein precipitation 
was not promptly removed in step 52. As a 
result, the interfacial protein precipitant 
began to solubilize in the aqueous phase. 

Repeat the chloroform/methanol protein precipitation 
protocol and immediately remove the aqueous phase 
from the interfacial protein precipitation. If aqueous 
phase is not immediately removed, repeat 
centrifugation step before continuing. 

AKTA Prime enrichment 

 
85 

There were no peaks observed 
when the column enrichment 
was performed 

The wrong volume/fraction may have been 
collected when desalting the peptide in step 
74. Hence, there may not have been peptide 
in the injected sample. 

Make sure the desalting procedure was followed as 
stated. 

 The peptides may have been improperly 
injected. 

Ensure the sample loop is in the “load” position when 
injecting your peptides into the AKTA prime. 

 Unretained peak has a 
shoulder 

An air bubble may have been in the sample 
loop. 

When washing the sample loop, make sure to insert or 
remove the injection needle only when the inject valve 
is in the “inject” position. 

 Retained peak was not 
observed 
  

The binding buffer was prepared with the 
wrong counter ion. 

Ensure the binding buffer was made with potassium 
phosphate. 

 pH of the binding buffer was above 7.5; 
therefore, MethylTrap was non-functional 

Ensure pH is neutral. 

 The MethylTrap column was not sufficiently 
equilibrated prior to loading the peptide 
sample. 

Ensure that the conductivity was below 9.5 mS/cm 
before starting the enrichment method. 
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Figure S 2 Venn diagrams of yeast technical replicates for the input methylated peptide 

identifications. 

 

Figure S 3 Venn diagrams of yeast technical replicates for the unretained methylated peptide 

identifications. 
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Figure S 4 Venn diagrams of yeast technical replicates for the retained methylated peptide 

identifications. 

 


