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Abstract 

The modification of proteins with O-linked N-acetylglucosamine (O-GlcNAc) is a 

nucleocytoplasmic modification that is present on over a thousand different protein 

targets. This post-translational modification is conserved among multicellular eukaryotes 

and has been found to play diverse physiological roles within cells. Remarkably, O-

GlcNAc levels are globally controlled by only two enzymes; O-GlcNAcase (OGA) and O-

GlcNAc transferase (OGT). How this modification is regulated on the large set of target 

substrates by just these two enzymes remains a topic of high interest within the field. In 

this thesis, I describe the development of a chemical proteomics method to interrogate 

OGA that help move the field toward elucidating the factors that regulate this enzyme. 

Specifically, I describe the creation of four distinct affinity-based probes that bind with 

high affinity to OGA and enable its precipitation at endogenous levels from tissues. 

These probes are designed to enable precipitation of OGA and its protein partners under 

gentle conditions followed by precipitation on streptavidin-coated beads. The disulfide 

linker that can be cleaved using gentle conditions enables release of OGA-containing 

protein complexes. Using these probes in a parallel series of experiments, I define a set 

of high confidence candidate OGA interacting proteins that are seen in multiple data sets 

from mass spectrometry-based proteomic analyses of the chemoproteomic precipitates 

obtained from bovine brain tissue. In addition, I detail targeted discovery of post-

translational modifications on OGA from bovine brain tissue obtained using one of these 

new chemoproteomic probes. I envision this approach can ultimately be applied to 

identifying factors that regulate OGA activity within cells and provide a blueprint for 

robust chemoproteomics strategies that harness the use of multiple probes having 

distinct chemical structures. 

 

Keywords: glycoside hydrolase O-GlcNAcase; chemical 
proteomics/chemoproteomics; pull-down; interactome; enzyme regulation; post-
translational modification; O-GlcNAc  
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Chapter 1. Introduction 

1.1. The O-GlcNAc modification  

The covalent attachment of β-linked N-acetylglucosamine (GlcNAc) through a β-

glycosidic bond onto the hydroxyl group of serine and threonine within proteins, is known 

as the O-GlcNAc modification (Figure 1.1)1. The process of O-GlcNAcylation is regulated 

in cells by just two enzymes: O-GlcNAc transferase (OGT), which transfers the GlcNAc 

moiety from uridine diphosphate (UDP-GlcNAc); and O-GlcNAcase (OGA) which 

hydrolyzes the sugar moiety of proteins (Figure 1.2)1–3. Both OGT and OGA are essential 

for development in vertebrates, and this modification has been found in all eukaryotes 

studied. Various methods have been independently applied and have determined that 

over a thousand different proteins are O-GlcNAc modified4. 

 
Figure 1.1. Structure of O-GlcNAc covalently linked to the serine or threonine 

residue of a protein. 

Studies have substantiated the involvement of O-GlcNAc in several physiological 

roles such as cell signaling, transcription, translation, cancer, neural development, and 

cell cycle progression5–7. Aberrant O-GlcNAc levels have been linked to several human 

ailments seen in neurodegenerative diseases including Alzheimer’s and Parkinson's 

disease, diabetes, and also X-linked intellectual disabilities6,8. The O-GlcNAc modification 

is also responsive to external and internal stimuli factors such as insulin, nutrient levels, 

heat and cold shock, and other forms of cellular stress9–12. O-GlcNAc levels are regulated 

by metabolic flux through the hexosamine biosynthetic pathway (HBSP), with the end 

product of this pathway being UDP-GlcNAc, used by OGT to install the modification. O-
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GlcNAc modification is essential for cell proliferation6,13; and despite the central roles 

played by this modification, remarkably little is understood about regulation of O-GlcNAc 

levels within cells5. This thesis will focus on studying OGA, and work toward identifying 

potential regulation mechanisms mediated by protein interaction partners that bind to 

OGA, and through post-translational modifications (PTMs) of this enzyme. 

 
Figure 1.2. Cycling of the O-GlcNAc modification onto proteins.  
Addition by OGT through UDP conjugation, and hydrolysis by OGA. 

1.1.1. O-GlcNAc transferase 

The addition of the O-GlcNAc modification onto proteins within the cytoplasm, 

nucleus, and mitochondria, is facilitated by glycosyl transferase OGT. This enzyme uses 

the high-energy nucleotide sugar donor UDP-GlcNAc. The O-GlcNAc modification is most 

often attached onto disordered loop regions, however OGT appears to also be able to 

glycosylate regions with secondary structure as well; although how the enzyme facilitates 

this at a molecular level is unclear14. It has been shown that other PTMs within close 

proximity to the glycosylation site, may have an effect on the ability of OGT to add on the 

O-GlcNAc modification15. Further, OGT has three different isoforms that arise from 

alternatively splicing, and differ in cellular localization. The full-length nucleocytoplasmic 

(ncOGT) is 110 kDa, the mitochondrial variant (mOGT) is 103 kDa, and the short form 
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variant (sOGT) is 75 kDa. Each isoform varies in its number of tetratricopeptide repeats 

(TPR) at the N-terminus; ncOGT has 13.5 repeats, mOGT has 9, whereas the short 

isoform has 2.5 repeats16–18. The TPR domain is involved in substrate recognition and 

binding specificity19,20. The catalytic domain of OGT resides at the C-terminus, and is 

divided into two segments that are defined as catalytic domain I and II. These two 

segments are joined together by an intervening domain, which interestingly has no known 

function. 

1.1.2. O-GlcNAcase 

The O-GlcNAc moiety is cleaved from proteins by the glycoside hydrolase OGA. 

There are two known isoforms of OGA that arise from alternative spicing, the short form 

(OGA-S) which is 70 kDa and is primarily localized within the nucleus, and the full-length 

form (OGA-L) which is 130 kDa. OGA is ubiquitously expressed in cells but is found 

predominantly in the cytoplasm. The splice forms, however, have different localizations, 

with OGA-L predominantly localized in the cytoplasm, and OGA-S, which is the less active 

isoform, being found mainly in the nucleus21. At the N-terminus of OGA is the catalytic 

glycoside hydrolase domain belonging to the glycoside hydrolase family GH84. Following 

this domain is an unstructured loop region containing a caspase-3-cleavage site at Asp413 

that is cleaved during apoptosis; however, it has been shown that the two fragments can 

re-associate and give activity levels similar to that of intact OGA22. A stalk domain 

composed of a helical bundle involved in the dimer interface, follows the unstructured loop; 

and a histone-acetyltransferase (HAT) domain is present at the C-terminus. However, this 

HAT domain is a pseudo-enzyme domain as it has not shown to have function, likely due 

to the absence of the amino acid (a.a) motif required for binding of the acetyl-CoA, 

reasoning why it is not catalytically active22,23. OGA-S resides in the nucleus, although, it 

has also been shown to associate with lipid droplet24,25 and may therefore have different 

binding partners than OGA-L. In a recent effort, several laboratories had independently 

solved the crystal structure of OGA and determined that it exists as a heterodimer26–28. 

Interestingly, this structure predicts that OGA-S lacks key structural elements that would 

allow for this dimerization, and therefore likely occurs as a monomer. 
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Figure 1.3. Crystal structures of OGA and OGT, and domain strcutures with 

isoforms. 
a.  Linear domain structure of OGA and splice variants. The domain regions are coloured as follows; 
disordered regions in grey, catalytic domain in orange, helical bundle in purple, stalk domain in red, 
pseudo-HAT domain in green, and cleavage-site is indicated by scissors.  b. Linear domain 
structure of OGT, and splice variants. The domain regions are coloured as follows; the TPR 
domains are in yellow, transitional helix is in white, the catalytic domain is in dark and light blue, 
and an intervening domain is red, and the phosphatidylinositol binding region is in orange.  c. 
Crystal structure of OGA with domain regions coloured accordingly.  d. Crystal structure of OGT 
with domain regions coloured accordingly. In a. and b. the putative PTMs are illustrated on the 
domain strcutres, ubiquitination (green), acetylation (red), O-GlcNAcylation (blue), sumoylation 
(black), and phosphorylation (yellow).  

Note: Image adapted, with permission, from King et al. 2019. 

1.1.3. Regulation of O-GlcNAc cycling enzymes: by post-translational 

modifications 

The regulation of O-GlcNAc in cells is slowly being unveiled as research in the field 

progresses and continues as an area of high interest. Both OGT and OGA are known to 

have numerous PTMs that are found on each of these enzymes. An online repository, 

PhosphoSitePlus, shows that OGT has 55, and OGA has 42 PTM sites respectively, that 

were annotated through various experiments from high-throughput to low-throughout, 
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including studies targeted to specific proteins. The PTMs of OGT have been more 

thoroughly studied than those of OGA and a small set have had functions assigned to 

them, as noted below. Interestingly, OGT itself is known to be O-GlcNAcylated, and this 

modification at S389 was determined to affect cellular localization, particularly its 

distributions to the nucleus29. As well, the phosphorylation state at T444 affects nuclear 

import in myotubes and phosphorylation by AMPK at this site altered binding partners and 

substrate selectivity30. The phosphorylation site at S20 was found to play a role in the 

proteasomal degradation of OGT. When modified by checkpoint kinase 1, OGT was 

stabilized against proteasomal degradation31. Also, of note, phosphorylation at S3 and S4 

increase the activity of OGT32.  

Conversely, there have been several suggestions regarding cross-talk between 

phosphorylation and O-GlcNAcylation within cells30,33�35 and, while this is an interesting 

idea, it remains a challenge to quantitatively show as both modification are 

substoichiometric. While the PTMs present on OGT are starting to be explored, little effort 

has been dedicated to understanding the functional roles of the PTMs on OGA. OGA is 

known to be cleaved by caspase-3 during apoptosis at a noncanonical site 

(S410VVD413)22. As noted above, when the resulting two fragments are co-expressed, 

OGA activity is similar to that of the wild-type enzyme. OGA is O-GlcNAcylated at S405, 

however this modification site has not been functionally studied36. It is useful to remember 

that modifications may not bear physiological roles. Accordingly, identifying and studying 

those modifications that do play functional roles will much improve our  understanding of 

the regulation of OGA. 

1.1.4. Regulation of O-GlcNAc cycling enzymes: by protein-protein 

interactions 

The role of interactions partners of the O-GlcNAc processing enzymes plays an 

important role in regulation of the activity as well as cellular localization. Various 

interactions of proteins with OGT have been studied, and these interactions guide its 

localization to specific cellular regions, as well as increasing or decreasing in its activity. 

For example, an increase in activity was seen with nuclear receptor REV-ERBa, where 

interaction with OGT protected it from proteolysis and increased its nuclear activity37. The 

substrate specificity of OGT was shown to be regulated through interaction with myosin 

phosphatase target subunit 1 (MYPT1) under basal conditions, and it was suggested this 
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interaction may also regulate the enzyme during mitosis in Neuro-2a neuroblastoma 

cells38. Also, the modulation in activity of OGT was also seen upon interaction with UDP-

N-acetylglucosamine paralog protein, however, this factor alone is unlikely to impart 

complete regulation of OGT activity39.  

OGA, again, is less studied in terms of functional roles of protein interaction 

partners. Several years ago, an initial attempt to clone the cDNA of OGA was undertaken 

and this required the purification of the enzyme from animal tissue. In working to achieve 

this, the Hart laboratory extensively purified OGA from bovine brain tissue and found it co-

eluted with several proteins as shown in Figure 1.43. However, a follow-up study corrected 

two proteins that were mis-identified in the previous paper. OGA was shown to co-elute 

with heat shock protein 110 kDa (HSP110), heat shock cognate 70 kDa (HSC70), 

amphiphysin, and dihydropyriminidase-related protein-2, and calcineurin40. A recent study 

investigated putative interactors of OGA using a Biotinylation ID (Bio-ID) proximity labeling 

approach, and monitored differences in the levels of interacting partners under basal 

conditions and under oxidative stress. This study identified 90 proteins that were in 

proximity to OGA under these stress conditions. Interactions with fatty acid synthase 

(FAS), filamin-A, and HSC70, and OGT were verified by co-immunoprecipitation41. These 

studies have conveyed interesting information about the behaviour of OGA with protein 

interaction partners, however a deeper investigation using more physiological approaches 

are needed to more accurately map the interaction network of OGA and uncover candidate 

regulatory proteins. A critically important analytical method for the identification of 

interacting partners and of PTMs is through the use of mass spectrometry. 
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Figure 1.4. Proteins identified from co-eluting fractions containing OGA activity. 
 
Note: Image taken, with permission from Gao et al. 2001.  

1.2. Mass spectrometry 

A mass spectrometer (MS) is an analytical instrument able to measure the mass-

to-charge (m/z) ratio of analytes that have been ionized. An MS is composed of three main 

components: the ionization source, which is responsible for ionizing the various samples 

at the front end of the instrument; the mass analyzer, the component of the MS which 

fragments and separates the ions based on their m/z ratio; and the detector which 

accurately monitors and detects the ions that reach the detector (Figure 1.5). The resulting 

data takes form of a mass spectrum, in which ion abundance is plotted against the m/z 

ratio of the detected analytes. Samples injected into an MS can be delivered by direct 

infusion or undergo chromatographic separation prior to entering the MS. Depending on 

the nature of the sample, the MS is coupled with front end chromatography, being either 
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gas chromatography (GC-MS), or more commonly, liquid chromatography (LC-MS). Mass 

spectrometry is used to investigate a wide variety of compounds ranging from small 

molecules, including synthetic products, metabolites42, drugs43; and many biological 

molecules such as nucleic acids44, proteins45, glycans46, lipids47; and several other classes 

of small molecules48. 

  
Figure 1.5. Black box diagram respresenting components of a mass 

spectrometer. 
Sample is prepared, injected into the system and subsequently ionized, separated, and detected. 
Data is presented as a series of m/z by intensity spectra plots.  
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1.2.1. Ionization sources 

The common ionization techniques used for proteomics experiments are matrix-

assisted laser desorption ionization (MALDI) or electrospray ionization (ESI). ESI is a soft 

ionization technique which takes the ions from the liquid phase, and transfers them into 

the gas phase49. This process is accomplished through extensive solvent evaporation. 

The sample is usually prepared so that it contains some fraction of volatile solvent, usually 

acetonitrile or methanol, along with an acid to increase the ionization and homogeneity of 

the charge state. The sample is injected into the MS by a capillary delivering the sample 

and applying a charge to the analyte, the capillary consequently sprays the solvated ions 

toward an orifice that provides entry to the MS. The sample forms into small droplets at 

the tip of the capillary, and these are carried toward the orifice by the presence of a strong 

electric potential between the tip of the capillary and the orifice. As these charged droplets 

travel, they become desolvated by loss of solvent, and become more unstable until they 

reach the Rayleigh limit50,51. At this point, the droplets explode and disperse into smaller 

droplets as the electrostatic repulsion has become more powerful than the surface tension 

of the droplet itself. This process continues as the droplets travel and decrease in size, 

until they reach the orifice and taken up into the mass analyzer. MALDI is also a soft 

ionization technique but this requires the use of a matrix medium to help carry the ions 

into the gas phase. This process occurs on the MALDI sample plate with the matrix being 

applied first onto the plate, followed by the sample. A laser is then shot onto the spot 

containing the matrix and sample, the species are ablated and the matrix transfers its 

charge to the analyte in the hot plume that is generated52. The charged analyte is then 

carried by vacuum into the orifice, and directed into the mass analyzer by an electric field 

potential.  

1.2.2. Mass analyzers 

The mass analyzer is often referred to as the ‘heart’ of the instrument as this 

component varies the most and influences the capabilities of the MS. Here I will focus on 

‘proteomic applications’ and so will discuss the three most common mass analyzers used 

for such applications, quadrupole (Q), time-of-flight (TOF), and including the ion-trap.  

In quadrupole instruments, the most commonly used configurations in proteomics, 

is the triple quadrupole (TQD) which consists of three individual quadrupoles attached 
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sequentially as Q1, Q2, and Q3. In this analyzer, the ions are constantly streamed into the 

MS and propelled into the Q1 by the applied electric potential, and are then separated 

based on their flight trajectory that is governed by the oscillating applied electric field on 

the two pairs of cylindrical rods53. These instruments provide good reproducibility and at 

low cost, however, their resolution is limited. While this was one of the first mass analyzers 

developed, it continues to be widely used due to its reliability and capacity for ion 

separation. It also has the ability to perform differential scan modes, which will allow to 

achieve a high level of selectivity of ions, depending on the needs of the experiment53,54. 

The TOF is the most commonly used mass analyzer in proteomics experiments because 

of their high resolution and high mass accuracy, combined with their relatively low cost 

and rapid scan time. In these TOF instruments, the ions are accelerated by an electric 

field and then travel on a defined trajectory and eventually hit the detector. This instrument 

distinguishes ions having different m/z by measuring the time it takes for them to travel 

through the analyzer and reach the detector55,56 (Figure 1.6). Ion-trap instruments are the 

more expensive mass analyzers, as they can achieve the highest resolution and mass 

accuracy. Ion-trap analyzers capture the ions in the trap component in three-dimensional 

space, and then the electrostatic gate pulses to inject the ions into the ion-trap57,58. Mass 

analyzers are often not stand alone and are set-up in tandem with one or two mass 

analyzers to take advantage of the strengths of each analyzer. These combinations of 

mass analyzers are referred to as tandem-MS. These instruments are called hybrid mass 

spectrometers, and can achieve very high sensitivity, selectivity, and resolution but are 

also the most expensive59. 
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Figure 1.6. Schematic diagram of the flow through for a TOF mass analyzer. 
Analyte is ionized and transferred to the quadrupole to be filtered or fragmented, ions are 
accelerated and travel through the drift tube with a specific arc trajectory dependent on mass. Ions 
reach the reflectron and penetrate at to a different extend depending on mass, and reach the 
detector at different times to have the m/z identified.  

1.3. Proteomics  

Advancements in mass spectrometry have allowed for tremendous growth in the 

field of biology and biochemistry.  As noted previously, mass spectrometry enables a large 

variety of chemical and biological molecules to be studied. The area focusing on studying 

proteins is known as proteomics, and involves the large-scale study of the set of proteins 

within a cell, tissues, or other biological samples, known as a proteome60. This field heavily 

relies on the use of mass spectrometry, but more targeted studies include protein NMR, 

and protein X-ray crystallography61. This field has greatly benefitted from various 

developments including dramatic increases in availability of genetic information such as 

that gained from the Human Genome Project62,63. Proteomics aims to identify and 

sequence proteins, peptides, protein derivatives such as glycoproteins; as well to 

determine relevant modifications and protein-protein interactions (PPIs) for the purpose of 

understanding biological processes where proteins play roles in cellular functions and in 

diseases64,65. 
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There are two general strategies to doing a proteomics experiment. These are 

bottom-up and top-down, appropriately. The bottom-up approach is the common approach 

wherein the sample proteome is digested into peptides followed by tandem-MS to collect 

the sequence information. This information is then processed through database searching 

of protein identities or associated PTMs based on peptide sequence recognition. In 

contrast, the top-down approach looks to dissect intact proteins. Mass analysis of the ions 

with high resolution instruments is carried out to obtain information through database 

analysis of the identified proteins and the sites of PTMs.  

Once the desired biological experiment has been completed, the starting 

proteomics sample is prepared prior to injection in the MS. This is accomplished through 

biochemical separation, commonly done using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) in either a one or two dimensional  format66,67. The samples 

are then subject to enzymatic digestion, usually with reliable and commercially available 

protease trypsin, followed by peptide extraction, peptide fractionation using an LC, and 

finally injection into the MS.  

1.3.1. Protein-protein interactions 

From the coded proteins, there exists tens of thousands, to several million different 

protein species known as proteoforms68,69. These proteoforms arise from different 

biological processing of proteins within cells ranging from alternative splicing, PTMs, and 

single a.a polymorphisms70. Another layer of functional complexity in cells arises from 

proteins interacting with other biomolecules in cells, which in turn influences the proteins 

functions71. Enzymes interact with nucleic acids, sugars, lipids, metabolites, as well as 

other proteins, and these interactions can sometimes impart various cellular activities and 

functions. These interactions depend on numerous factors such as cell-type, 

developmental stage, stress conditions, nutrient conditions, and a range of other external 

factors71. The physical interactions between proteins may induce conformational changes, 

and thereby modulate the function or activity of the interacting proteins. These protein 

complexes can exist transiently or form more stable interactions termed as stable PPIs, 

or a mixture of both72. Many PPIs are also mediated either favorably or negatively through 

PTMs73. PPIs are known to regulate a wide range of cellular functions including 

metabolism, cell cycle control, signal transduction, nutrient sensing, and stress response. 

Perturbations in certain PPIs are known to cause various diseases, including cancers, and 
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are involved in neurodegenerative diseases74–76. Two of the most commonly used 

methods for studying PPIs were the yeast-two-hybrid technique (Y2H)77,78 and the tandem 

affinity purification-mass spectrometry (TAP-MS)79,80. However, in the past decade, 

several new approaches have been introduced that are used for both performing targeted 

studies looking at a sub-proteome, as well as pursuing high-throughput studies examining 

changes within the entire proteome. These methods are discussed in the following section. 

1.3.2. Post-translational modifications 

The functional groups found in the a.a residues with proteins are subject to a wide 

range of enzymatically installed and spontaneous modifications81,82. PTMs are more 

common in eukaryotes than prokaryotes, and approximately 5% of the genome of 

eukaryotes typically codes for other proteins with PTMs83. PTMs can be irreversible or 

reversible, and are named accordingly to the modification attached onto the residue. There 

are more than 200 varieties of PTMs reported with new ones currently being investigated, 

and more being discovered as further advancements are made in analytical 

instrumentation84,85. The common modifications are phosphorylation, acetylation, 

ubiquitylation, methylation, and glycosylation including O-GlcNAcylation, which has been 

previously mentioned85. 

As noted above, PTMs play fundamental roles in protein regulation and 

modification of a protein often confer key functions to a protein. These PTMs can 

individually take part in specific roles, or can function collectively to control biological 

function and protein stability86,87. Recently, studying PTMs in proteins has become of 

increasingly popular interest as modification levels on certain proteins have been directly 

linked to various disease states. Using MS-based proteomics is an ideal tool to identify 

the modification state of a protein and to assign the specific sites bearing a modification88. 

This site-specific mapping is done through software’s which can input different 

modifications into the search list, and the program will cross-reference all of the MS scans 

and match the mass difference of the peptide fragments with the modification accordingly. 

Depending on the software, there can be numerous modification selections and 

combinations, these can be added to the search query during protein identification via 

peptide sequencing. The commonly used software’s for reliable site-specific mapping of 

PTMs are MASCOT (Matrix Science)89, PEAKS (Bioinformatics Solutions Inc.)90, and 

Byonic (Protein Metrics)91. These identified PTMs are then validated by searching the 
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MS/MS scans and confirming the presence of the fragmentation ions corresponding to 

that modification, and identifying the site of the modification. 

1.4. Interactome studies  

As noted above, PPIs are vital for many, if not all, biological processes. A recent 

study found that almost 60% of disease-causing mutations influence the ability of a protein 

to associate and interact with other proteins92,93. Of these mutations, it was suggested that 

half lead to complete loss of PPIs of the mutant protein, while the other half lead to 

perturbations of a subset of interactions. The ‘interactome’ is the entire set of PPIs within 

a particular cell. Interactomes are described as biological networks, commonly referred to 

as PPI networks but sometimes are also defined to include protein-DNA or protein-

molecule interaction networks94. PPI networks are generated through high-throughput 

experiments and yield large data sets on protein interactions. Over the years, several 

methods have emerged for studying PPI networks to gain insight into protein functions 

using both high-throughput methods or more targeted approaches (Figure 1.7)95. Of these, 

two are mainly used for large-scale experiments looking at the entire proteome. The Y2H 

method is used to map out binary interactions, where as an affinity-purification mass 

spectrometry (AP-MS) approach is carried out to identify protein complexes through direct 

and indirect associations78,96. Developing methods to understand and map the interaction 

networks of proteins helps guide biological research and can drive a better understanding 

of which abnormal protein interactions may be involved in diseases. In a proteomics 

approach, a special method is required to conduct a study specifically focusing on a target 

protein or a class of proteins of interest. Some of the more widely used strategies for 

conducting both large-scale and targeted proteomics PPI network experiments are 

described below. 
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Figure 1.7. Experimental approaches for developing an interactome of PPIs.  
a. Affinity purification-mass spectrometry approach uses a bait protein to identify associated 
proteins.  b. Bio-ID approach relies on use of enzymatic tagging of associating proteins with bait.  
c. Yeast two-hybrid approach uses a screen to interrogate direct PPIs.  d. Immunoaffinity 
purification-mass spectrometry strategy fuses an antibody onto beads, enrich for bait protein and 
can identify PPIs. 
 
Note: Image adapted, from Mehta et al. 2019 under a CC BY license. 
  

1.4.1. Immunoaffinity purification  

This strategy is a classical approach to identifying PPIs and is still widely used to 

validate specific interactions. Immunoaffinity purification mass spectrometry (IP-MS) 

proteomics is often used in high-throughput experiments to identify large sets of protein 

interactions by identifying the various complexes a given protein may be involved in. This 

information obtained for many proteins in parallel, is then subsequently used to define 

interactomes97. This method relies on the use of antibodies against the bait protein of 

interest. The method is generally quick and simple; however, it is entirely dependent on 

the availability and quality of an antibody toward the bait protein. It is difficult to have high 

quality antibodies for all bait proteins as they may not be commercially available and so, 

may need to be developed specifically for a given project. Predicting specificity and affinity 
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of these antibodies during development is difficult, and cross-reactivity remains a major 

issue98. Several false-positive hits are very likely to be identified by non-specific proteins 

precipitating with complexes, due to the lack of specificity of an antibody for a specific 

epitope, or by non-specific binding of the antibody to protein-complexes99. 

1.4.2. Tandem affinity purification-mass spectrometry (TAP-MS / AP-

MS)  

Tandem affinity purification-mass spectrometry is a type of AP-MS method that is 

often used in high-throughput experiments but can also be used for low-throughput. This 

approach relies on genetic manipulation through the addition of an affinity tag on bait 

proteins, by encoding this within the open-reading frames (ORF) of hundreds of proteins. 

The tag is fused to the C-terminus of the protein, and while various tags have been used; 

the original method was to use the calmodulin binding protein, followed by a Tobacco Etch 

Virus (TEV) protease cleavage site, and a Protein A domain which binds to IgG. This 

strategy was one of the original methods developed to define a proteome interaction 

network79. TAP-MS remains a powerful and useful tool to identify protein complexes, 

especially in experiments studying the entire proteome. However, this approach does 

have several limitations. The extensive genetic manipulation is an involved process, taking 

much time and resources. Also, the method requires genetic engineering and tagging, 

which will likely affect the natural protein interactions. Furthermore, there are perturbations 

arising from overexpression of bait proteins, and tag-induced artefacts, such as false 

positives from non-specific binding on the expressed-tags96. Further complicating this 

approach, is the lack of suitable controls which can be implemented.  

1.4.3. Bio-ID  

A recently developed strategy that has been gaining traction in the interactome 

field is known as Bio-ID, which uses a labelling strategy with a new proximity tag. Bio-ID 

involves the fusing of the gene encoding for BirA biotin ligase from E. coli, onto the gene 

encoding the protein of interest100. Once expressed, any neighbouring proteins within a 10 

nm radius are effectively biotinylated and can be enriched using a solid support carrying 

streptavidin (SA) to capture any biotinylated proteins. This strategy offers the advantage 

of being able to monitor interactions in vivo, since labelling occurs prior to extraction via 

cell lysis101. However, Bio-ID requires overexpression of the tagged protein which can 
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cause mislocalization. Moreover, the presence of the BirA domain may cause interference 

within binding partners. These issues may give rise to false positive interactors and may 

also impart a bias through greater abundance of the tagged protein. Yet, the greatest 

limitation of this strategy lies with the reliability in identifications of the PPIs, since the 

method does not imply a direct physical interaction, but rather are indications of proximity. 

Accordingly, extensive downstream validation using other experiments is necessary to 

confirm any putative interactions identified using this method.  

1.5. Chemical proteomics 

Over the years there has been much improvement and advancement in mass 

spectrometry for use in proteomics102,103. Despite these advances, it remains impossible 

to accurately map all or even any one protein in a eukaryotic system at a given time. Global 

analysis is extremely difficult as there is such variability in the expression levels of proteins 

and diverse sets of protein interactions104. Indeed, while many high-throughput proteomics 

methods enable identification and quantitation of thousands of proteins, it remains a major 

challenge to analyze specific protein families of central importance in biology and 

diseases. The field of chemical proteomics has emerged to address this challenge, and 

uses the methods of synthetic organic chemistry, cell biology, biochemistry, and MS-

based proteomics105,106. A central component of this field relies on the design of specific 

chemical tools, that can be used as probe molecules to enable targeted studies of distinct 

enzyme families contained within complex proteomes. Such chemical tools can be defined 

as activity-based probes (ABP) or affinity-based probes (AFBP), where ABPs covalently 

react with distinct families or subfamilies of enzymes and AFBPs non-covalently bind to 

targets107–109.  

ABPs are designed to bind within the active site of a specific target enzyme or 

family of related enzymes. Upon binding, these probes then react to enable covalent 

modification of specific active site residues, generally through attack by a nucleophilic 

residue in the target enzyme on an electrophilic feature built into the probe. The alternative 

probe strategy is to use AFBPs, which bind non-covalently, and can therefore be used to 

target non-catalytic proteins that lack obvious nucleophilic groups. These probes are, 

however, required to be highly selective and to display tight, sub-micromolar, binding to 

the target proteins. Such AFBPs have been shown to be effective tools for specific proteins 

or larger families of related proteins. These probes are generally designed to incorporate 
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three components consisting of a reactive bait group, a linker, and an affinity capture tag 

which can be used to purify the target proteins (Figure 1.8)109.  

 
Figure 1.8. Structures of ABP & AFBP chemical proteomics probes. 
These probes consist of three components, the reactive head group, the linker, and an affinity 
tag/reporter group. 

These three components can be varied as needed for the specific experimental 

requirements. As previously mentioned, the groups that drive binding to the target proteins 

can either be covalent binders (ABP) or can be non-covalent binders (AFBP). The reactive 

group is the ‘bait’ portion of the probe, which drives binding to the target proteins. Relevant 

to incorporation of a good bait for AFBPs, there are criteria which aim to establish a quality 

chemical inhibitor probe, that can be used in cells. These criteria include the inhibitor 

having good affinities, with IC50 (half-maximal inhibitory concentration) or Kd (dissociation 

constant) values lower than 100 nM. The inhibitor probes should also be selective, ideally 

more than 30-fold selective within the target protein family110. These guidelines for 

exploiting inhibitors in cells as research tools can be generally considered as applicable 
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for the design and selection of the bait portion of chemoproteomic probes. The affinity, or 

reporter groups, are typically fluorophores or well characterized high affinity groups such 

as biotin. A less commonly used affinity tag is the FLAG tag, having the a.a sequence of 

DYKDDDDK, which can be recognized by an anti-FLAG antibody to enable capture and 

enrichment111. The biotin affinity tag is, however, the most commonly used tag as the 

biotin-streptavidin system is robust and has the strongest known non-covalent affinity with 

a Kd»10-15 M. This interaction is very stable and can even withstand harsh conditions of 

extreme pH, temperatures, and denaturing conditions, making it very versatile and 

reliable112. In some cases, the affinity tag is replaced with an alkyne or azide functionality 

to make the probe smaller and more cell permeable, so it can be used within living cells. 

Finally, the linker acts to suitably space the two binding regions of the probe, so as to 

avoid steric clashes to allow proteins to be bound to each end of the probe. The linker is 

selected as a spacer, however, the properties can be modified as desired. In some cases 

a long alkyl chain is used, in others, a fluorophore may be attached to aid in monitoring 

localization, or otherwise track the probe during sample handling 113. Often the linker is 

optimized in terms of length, hydrophobicity, and flexibility; and sometimes structural are 

incorporated that enable cleavage of the linker to allow mild release of the captured target 

protein to reduce impurities isolated during experiments. These cleavable linkers elements 

include diazobenzenes114, acylhyrazones115, leuvinoyl esters116, photolabile groups117, 

disulfides118, and peptide linkers that can be enzymatically cleaved111. 

As noted above, owing to the complexity of proteomes, efforts are shifting toward 

reducing proteome complexity and engaging in targeted studies to look at subsets of 

related proteins. Chemical proteomics is a field that has aided in this shift and has 

accordingly seen significant growth over the years. The generation of these chemical 

probes is often guided by structural biology to give insight on the mode of action and 

binding of the probe to the target protein or class of proteins105,107,119. A general workflow 

for an ABFP experiment is illustrated in Figure 1.9120. 
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Figure 1.9. General chemical proteomics workflow. 
Chemical probe is developed, and incubated with the lysate sample, enriched, followed with 
subsequent MS-based proteomics. 
 
Note: Image taken, with permission, from Sumi et al. 2019.  

Along with having a quality probe that is carefully designed, key in the workflow is 

to have suitable control experiments in place to eliminate false-positives often arising 

when using such tools. False-positive results generally occur from non-specific binding of 

proteins to either the linker, the resin matrix itself, or the SA attached onto the solid-

support. The most problematic false-positives arise from potential ‘off-target’ binders that 

can arise from a lack of selectivity of the bait feature of the probe121. The simplest control 
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would be to have an experiment with just the solid-support matrix system to distinguish 

specific and non-specific binding proteins, however, a better approach is to have an 

inactive analogue of the reactive ligand with the linker. The proteins which bind both the 

control beads as well as beads carrying the probe, are generally regarded as background 

binding proteins. While these controls are regularly implemented, an essential control 

which is often underutilized is the inclusion of a parallel experiment in which one uses a 

competing ligand that binds to the target proteins. This competition effectively blocks 

binding to the reactive bait group of the probe, resulting in the target proteins not being 

collected during the affinity purification step. Proteins identified in the experiment that are 

absent in the competition control experiment are considered valid targets. Yet, an even 

stronger approach is to have more than one chemically distinct probe that can be used in 

parallel experiments. This method of using more than one selective chemical ligand can 

drastically increase confidence in the identified proteins, both through replication of the 

experiment, but also through using orthogonal targeting groups. Using these orthogonal 

probes, in parallel, helps eliminate the troublesome ‘off-target’ binders to which small 

molecule probes may bind due to a lack of complete specificity. The overlap in the sets of 

proteins identified when using each of the distinct probes will reveal those targets that are 

consistently identified from the datasets of these parallel experiments. This consistency 

among diverse probes greatly increasing the confidence in the assignment of these 

proteins as authentic targets. 
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Figure 1.10. Comparison of the advantages and disadvantages of using a 

chemical proteomics approach. 

 
Note: Image taken, with permission, from Rix and Superti-Furga. 2009. 

Both ABP and AFBP methods are increasingly popular strategies for probing the 

proteome to identify protein functions and while these are enabling strategies and widely 

applicable, they share similar limitations (Figure 1.10). On balance, however, the 

advantages of these approaches outweigh their disadvantages. The chief benefit is that 

these methods are unbiased in allowing observation of endogenous protein factors within 

the complexity of the entire proteome. As well, these approaches can be used to monitor 

interactions present at natural levels, without needing to overexpress proteins, and are 

accordingly well suited for identifying natural binding partners. These methods are also 

advantageous due to their ability to identify the endogenous set of PTMs present on the 

target proteins of interest. Furthermore, they can also be applied to various different 

tissues and models to study specific disease states and compare proteins between 

healthy and diseased tissues. There are however limitations including, as noted above, 

that chemical proteomics strategies often result in high backgrounds from non-specific 
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binding proteins and, sometimes endogenous metabolites with high affinity for the target 

protein can interfere with probe binding. Furthermore, the probes must be chemically 

synthesized, which can take time and modifications to ligands must be made to install 

linkers, which can adversely affect binding. Furthermore, like most other strategies, this 

approach cannot distinguish between direct binary interactors or if identified interactors 

exist in a complex with other proteins and therefore bind indirectly to the target proteins106. 

However, with these limitations in mind, chemical proteomics methods are an emerging 

powerful approach to studying protein function and identifying interacting protein partners. 

The use and development of AFBP has largely focused on determining the 

selectivity of drugs, identifying off-target interactors, or as a general screen to identify any 

and all putative interactors. Many have not done these experiments in a fashion that 

enables establishing an interactome, or more importantly, for identifying key interacting 

partners of a target protein. Most strategies have used either a single probe or a few 

derivatives of a lead compound within their studies, very few have used structurally distinct 

probes. As noted, the approach of using a series of orthogonal affinity probes in parallel 

increases the confidence in the protein interactors that are identified. Notably, within this 

thesis, my aim was to develop four chemically distinct probes and use these in parallel to 

establish a list of high confidence interacting proteins to OGA, my enzyme of focus.  

1.5.1. Selected examples of chemical proteomic studies 

Chemical proteomics has been applied to study an increasingly diverse set of 

protein targets and classes of proteins. Some selected examples are highlighted below, 

with a focus on using the AFBP approach which is the topic of this thesis. Notably, much 

less has been done using the AFBP approach as compared to using ABP strategies. 

Perhaps because the covalent nature of ABP facilitates rigorous washing steps and 

obviates the need for very high affinity ligands, which are comparatively rare. 

Nevertheless, some studies are particularly instructive, and here I describe a subset of 

some of the most notable examples.  

 One study focused on understanding the interaction of Janus Kinase (JAK) family 

members with other cellular signaling pathways by exploiting an AFBP that binds to a wide 

range of kinases122. These researchers developed several probes to identify different 

kinase interactors and one of these probes stood out, allowing them to enrich 133 different 
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kinases, including many mitogen activated kinase (MAPK) members and JAK kinases. 

The design of their probe is illustrated below in Figure 1.11. The kinase targeting bait was 

an inhibitor, coupled onto a polyethylene glycol-3 (PEG3) linker, that was covalently 

attached onto sepharose beads as the solid-support. This probe exhibited binding affinities 

for these different kinases given by Kd values ranging from 1 nM to 10 µM. This probe was 

also used to establish the selectivity profile for momelotinib, an inhibitor of Jak1/2 which 

is in clinical trials. The optimal AFBP emerged as a valuable tool for studying JAK related 

signaling pathways and establishing selectivity profiles of kinase inhibitors.  

 
Figure 1.11. Structure of the selective probe used for JAK STAT profiling, reactive 

group is attached to a (PEG3)2 linker, and covalently attached 

sepharose solid-support beads. 

A more targeted example was shown in a study focused on investigating the heat 

shock protein 90 chaperone (HSP90). These authors were interested in identifying key 

proteins involved in cancer signaling pathways123. They had previously developed an 

inhibitor (PU-H71) that preferentially targeted the tumor-enriched HSP90 complex, and 

used this to synthesize a chemical probe with a polyurethane solid-support attached 

through a non-cleavable propyl linker to the PU-H71 targeting bait (Figure 1.12). Using 

this probe, they captured interacting proteins using a chemical proteomics strategy. This 

probe had an IC50 value ranging from 116 nM to 425 nM within the different cells used in 

these experiments. They had also included a parallel control which contained just the bead 

support, which allowed eliminating non-specific binders that bound to the beads alone. 

Through this approach they were able to identify several oncoproteins that were 

dependent on HSP90 for folding, as well to uncover dysregulated signaling networks 

through bioinformatic analyses.  
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Figure 1.12. Structure of the PU-H71 probe covaletnly attached to poly-urethane 

solid-support beads. 

Another study of note, from which we drew some inspiration,  also used an inhibitor 

AFBP, and was focused on investigating the gamma-secretase transmembrane 

complex124. The structure of their probe, GCB, consisted of a bait ligand that was based 

on an inhibitory tetrapeptide, a lengthy PEG3 linker which contained a cleavable disulfide, 

and an affinity biotin tag to enable purification using SA coated solid-support beads (Figure 

1.13). They found that coupling the inhibitor to the lengthy linker had little effect on affinity 

of this ligand, changing it from 10.3 nM as the inhibitor to 13.1 nM after conjugation. More 

importantly, they established a parallel control experiment that included free competing 

inhibitor, which blocked binding to the target protein and therefore effectively allowed them 

to subtract non-specific proteins binding to the solid phase matrix. Using this probe and 

control experiments, they were able to identify 91 interacting proteins of the gamma-

secretase complex. This approach highlights a useful strategy which enables the rapid 

detection of protein binding partners in a targeted manner. Interestingly, while this AFBP 

approach is being used for more and more proteins, it has not much been applied to study 

glycosidases. 

 
Figure 1.13. Structure of GCB probe, consists of a tetrapeptide inhibitor, lengthy 

PEG3 linker, with a cleavable disulfide, and biotin affinity tag for 

capture. 

A particularly interesting study was completed in 2013 and reports on the use of 

an analogue of a clinically used aminosugar. Modification of this ligand led to a probe for 
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affinity enrichment proteomics with the goal of identifying binding partners of the target 

protein and off target proteins binding this ligand125. This study is of relevance to my work 

as it conceptually lends support to the methodology and aims of this thesis with regard to 

carbohydrate processing enzymes. This probe was based on the drug N-

butyldeoxynojirimycin (NB-DNJ), which was approved by the FDA in 2002 and is marketed 

as Zavesca© (miglustat). This drug is prescribed as a treatment for type 1 Gaucher 

disease and Niemann-Pick type C disease, which are both inherited lysosomal storage 

disorders126. This drug is generally well tolerated in humans, however it induces reversible 

dose-dependent male infertility127. NB-DNJ is known to inhibit lysosomal acid b-

glucosidase 1 (GBA1), b-glucosidase 2 (GBA2), and glucosylceramide synthase (GCS)128. 

However, at the time, no functional studies had been done to look at the cellular target 

proteins driving this observed male infertility, which is observed in both patients and mice. 

In light of this, these researchers sought to identify the proteins that interact with NB-DNJ 

using their aminosugar analogue, which was designed to permit its immobilization and to 

thereby enable affinity proteomics experiments. In this work, the authors immobilized the 

reactive bait inhibitor onto an agarose support using an alkyl linker covalently attached to 

the probe (Figure 1.14). They incubated the probe with tissue from male mouse testis, 

washed, eluted, and analyzed proteins using two-dimensional SDS-PAGE followed by 

MS-based proteomics. The study was done using two replicates of the enrichment 

experiment and a control experiment was performed in parallel, in which the unmodified 

agarose support was used in the absence of the probe. A total of 351 proteins were 

identified and, of these, 64 were present in the control and subtracted from the total set of 

identified proteins. From the two replicates, only 18 proteins were common to both 

experimental replicates and the authors considered these to be strong candidate 

interactors or off target binding proteins. Within this focused list they identified heat shock 

proteins, junctional proteins, chaperones, and proteins that bind ceramide. This data 

suggests new interactions that may not have been readily predictable and could help 

define the molecular mechanisms by which NB-DNJ induces male infertility. Despite its 

technical limitations, and the fact that the target protein was itself not identified in their 

datasets, the above-mentioned work defines a proof-of-concept work where a 

carbohydrate-based probe was used to enable a targeted proteomics study to define an 

interactome for a glycosidase. 
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Figure 1.14. Structure of the NB-DNJ analogue inhibitor coupled to an alkyl linker, 

and covalently attached to agarose solid-support beads.  

A somewhat different chemoproteomics strategy was used to assess the selectivity 

of inhibitors targeting casein kinase II (CK2) and to determine any off-target proteins to 

which this potential drug may be binding129. CK2 is a serine/threonine kinase involved in 

several cellular processes such as maintaining cell viability, apoptosis, tumorigenesis, and 

recent studies have correlated CK2 activity with aggressive tumor behaviour130. Protein 

kinases use adenosine triphosphate (ATP) as a substrate and development of ATP-

competitive protein kinase inhibitors had historically been difficult. CK2, however, was 

found to have a relatively small ATP-binding pocket which could be distinguished from the 

active sites of other protein kinases that are typically slightly larger. This study improved 

on a previously known selective inhibitor to improve both potency and selectivity. The 

improved analogues have Ki values of 700 nM and 40 nM. Their method involved 

preincubating their samples with the new inhibitors in parallel with controls containing only 

DMSO, and then running the lysates through an ATP-sepharose affinity column wherein 

the immobilized ATP functions as the bait. The eluant was then analyzed by MS-based 

proteomics. Using this approach, they identified several off-target binders which were 

present in the control but absent in the experiment. The identification of these off-target 

binders could aid to elucidate some toxic effects exhibited by the drug, and may help direct 

the development of novel therapeutics aimed at inhibiting kinase activity. 

Another alternative chemoproteomics approach involved tools targeting specific 

classes of the histone deacetylases (HDACs)131. These enzymes remove the acetyl group 

of lysine histones and this specific PTM facilitates the assembly of the nucleosomes, which 

are responsible for regulating chromatin structure and gene expression132. Aberrant levels 

of histone acetylation were found to play a key role in the modulation of transcription in 

cancers and HDACs have accordingly become targets for indications in oncology and 

inflammation133. Emerging evidence suggests that isoforms and protein complex 

selectivity of the HDACS, can be achieved by exploiting the variable affinity of 

aminobezamide inhibitors towards different HDAC family members134. In this study, the 
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researchers developed reversible inhibitors that enabled the enrichment of different 

classes of histone deacetylase complexes from lysates. The probe was developed based 

on using a bait, derived from an analogue of the HDAC inhibitor SAHA (suberoylanilide 

hydroxamic acid) that is also known as Vorinostat, which has an amine group on it that 

could be covalently attached onto the sepharose beads (Figure 1.15). The enrichment 

experiments were accomplished through monitoring the binding of different HDAC class 

complexes to the inhibitors, in a time-dependant manner. This approach combined 

multiplexing using of isobaric mass labels with time-dependant incubation of free inhibitor 

in lysate, which allowed observing differences in classes of HDAC complexes depending 

on time of incubation with the probes. The affinities of these bait inhibitors ranged from 

2.9 to 50 µM, depending on the class of HDAC. The identified proteins were captured 

using a sepharose bead support system, which had the inhibitors immobilized on the resin.  

The control was done using only the beads to identify non-specifically bound proteins. 

These tools are anticipated to allow for a unique approach of studying different HDAC 

complexes and HDACs themselves. 

 
Figure 1.15. Structure of HDAC bait inhibitor SAHA, covalently bound sepharose 

solid-support beads. 

Another recent study, of relevance to our work, was focused on identifying the 

components of proteins present within inhibitor-bound kinase complexes. Kinases are very 

popular targets of research due to their being involved in various cancers and many are 

also oncoproteins135. They authors of this work focused on targeting the Src multidomain 

kinase and developed inhibitors which were selective for this kinases that, when bound, 

altered the conformation of the protein. They established a chemical proteomics workflow 

to study the domain-dependant interactome of Src136. Three derivatives of an inhibitor 

were used as baits and developed into probes; each showed little difference in their 

potency upon installation of a bioorthogonal group, with all compounds retaining Ki values 

below 100 nM. Different bioorthogonal trans-cyclooctene (TCO) functional groups were 

attached to the derivatized inhibitors and an inverse electron demand Diels-Alder (iEDDA) 

click approach was used to couple the TCO handle and the tetrazine present on the 
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sepharose beads (Figure 1.16). The immobilized probe was then used to capture the 

endogenous complexes, after which proteins were identified them by MS-based 

proteomics. Utilizing these different probe conjugates, which bind to the ATP binding 

domain, they were able to demonstrate, within a cellular context, how the Src interactome 

is altered by modulating the kinase conformation. They found when the regulatory domain 

interacts with the inhibitor, a distinct interactome was observed. However, when the 

regulatory region is disengaged from the protein complex, they observe binding partners 

predominately from interactions with the SH2 and SH3 domains. They presented their 

chemical proteomics method as a general concept that could be used with different 

kinases and drug targets to elucidate the influence of changes in protein conformation, as 

well as being a means to understand the cellular context for proteins interactions. 

 
Figure 1.16. Illustration of inhibitor probe used for Src chemoproteomics 

experiments.  
Inhibitor ligand was attached to a TCO group, which was clicked onto tetrazine conjugated 
sepharose beads. 

In summary, over the years there have been several methods and tools designed 

specifically for studying carbohydrate processing enzymes, both mostly ABP methods, but 

also to a lesser extent, AFBP methods137–141. The above-mentioned studies provide good 

conceptual precedence supporting feasibility of such an approach to identify interactors of 
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carbohydrate processing enzyme targets and provide some useful guidance. While there 

has been much effort to develop ligands and ABPs, there is limited application of these 

tools for discovery, particularly for AFBP used in a manner to identify members of protein 

interaction networks. In this thesis, I describe a powerful method for probing the glycoside 

hydrolase OGA, with the longer-term goal of aiming to assign functional roles through 

identifying candidate regulators of this enzyme. 

1.6. Aims of thesis 

In this thesis, a chemical proteomics strategy was applied in a targeted study of 

OGA, through investigating endogenous binding factors, within bovine brain tissue. Using 

this approach has several benefits over other strictly biological strategies. The existing 

biological strategies are effective techniques for identifying interacting proteins, but each 

have their individual set of caveats. The TAP-MS approach involves considerable genetic 

manipulation to add a bait affinity tag label onto the proteins of interest. This strategy takes 

time to design, and develop suitable transfected cell-lines with the tagged protein of 

interest. Moreover, the protein is expressed at altered levels and in a tagged form, which 

may result in observing abnormal binding partners. Simply using an antibody to pull-down, 

the target protein depends on there being high affinity antibodies that are highly specific, 

and it is difficult to control for false-positive hits caused by non-specific binding with 

antibodies. The Bio-ID strategy has been applied to studying OGA previously by the 

Zachara lab. While this study was useful and made some key findings, this approach does 

impart a bias on the data because it is reporting on proximity and not direct binding and 

can only ‘infer’ an interaction, therefore requiring validation of each candidate interactor. 

With the shortcomings of these other strategies, it seems a chemical proteomics approach 

is an ideal strategy for this research into understanding endogenous regulators. Inspired 

by previous studies in the general field of chemical proteomics for identifying protein 

interactions, we pursued this strategy to develop AFBPs from a panel of selective chemical 

inhibitors and use these for investigating OGA. From the above-mentioned criteria for 

designing a chemical proteomics strategy; I envisioned exploiting four chemically distinct 

inhibitors and from them generating chemoproteomic probes, establishing a method for 

suitable enrichment of endogenous levels of OGA from bovine brain tissue, and including 

a parallel competition control to reduce false-positive proteins. My goal is to use this 

approach to identify the endogenous PTMs and interactome of OGA. Through using 
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orthogonal probes in parallel, I aim to establish a focused list of high confidence interactors 

to pursue, that might have potential functional and regulatory roles on this enzyme. 
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Chapter 2. Probe design, development, validation 

and application 

Attributions to collaborators: The synthesis of inhibitor 1 (6S-NBnI-DNJNAc) and its 

analogue 1a were performed by Manuel Cuesta as part of a collaboration with the 

laboratories of Dr. Carmen Mellet and Dr. Jose Garcia (Instituto de Investigaciones 

Químicas (IIQ) and Universidad de Sevilla). The synthesis of inhibitors 2 (ASC170-NHAc), 

analogue 2a (ASC170-NH2), and 3 (Thiamet-G), and all of the final probes were performed 

by Dr. Roger Ashmus. Thiamet-G analogue 3a was synthesized by Viktor Holicek. The 

synthesis of inhibitor 4 (AIC-N-Trz) and intermediate 4a were performed by Dr. Johannes 

Lehmann and Hong-Yee Tan in an on-going collaboration with Dr. Robert Britton’s 

laboratory (Simon Fraser University). I aided in the probe design, expressed recombinant 

hOGA, determined the affinities of each of the inhibitors and probes, and developed the 

pull-down method and performed all pull-down experiments. Dr. David Vocadlo was 

involved in the design, analysis, interpretation of experiments and results.  

2.1. Selection of OGA inhibitor ligands 

Pursuing a chemical proteomics strategy in research depends on the development 

or availability of selective chemical ligands that bind tightly to the target protein. As noted 

previously in this thesis, the large majority of chemical proteomics studies use just one 

probe in experiments110,142. In this work, we elected to use four distinct OGA inhibitors and 

to develop these into affinity-based probes (AFBPs) for proteomic analyses. The starting 

parent OGA inhibitors are shown below (Figure 2.1). The first inhibitor 1 (6S-NBnI-

DNJNAc) was provided by our collaborators Manuel Gonzales Cuesta, Dr. Carmen Ortiz 

Mellet, and Dr. Jose M. Garcia (Instituto de Investigaciones Químicas (IIQ) and 

Universidad de Sevilla). The second inhibitor 2 (ASC170-NHAc) was selected from a 

patent owned by Asceneuron143. And the third inhibitor 3 (TMG), was Thiamet-G, 

previously developed in our laboratory144. The fourth inhibitor 4 (AIC-N-Trz) was 

synthesized by our collaborators Dr. Johannes Lehmann and Dr. Robert Britton (Simon 

Fraser University) as part of an ongoing collaboration. The latter two inhibitors have been 

reported, while the former two are unpublished. The inhibitor 3 is a potent and selective 

inhibitor of OGA145, and 4 was reported by Bergeron-Brlek et al.146. Inhibitor 3 can tolerate 

substituents at the 6-position and 4 can tolerate bulky groups at extending from the triazole 
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without altering their potency145,146. Inhibitor 1 can also tolerate various substituents at the 

ortho, meta, and para-position of the phenyl ring. The inhibitor 2, described in the patent 

literature by Asceneuron, can tolerate various substituents at the acetamide without 

compromising its inhibitory potency143.  

    
Figure 2.1. Structure of OGA inhibitors selected for use as starting points for 

potential chemical proteomics probes, with respective affinities.  
The R group indicates where the substituent to generate the chemoproteomic probe will be 
installed. 

2.2. Probe design and development 

Teranishi et al. recently reported the preparation of an affinity pull-down probe 

specific for gamma-secretase following a synthetic route using standard amide coupling 

with a PEG-containing diamine with an NHS-activated ester having a cleavable disulfide 

linker terminating in a biotin group124. This route, however, proved problematic in our 

hands. We believe the poor solubility and hygroscopic nature of PEG-containing diamine 
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was the root issue and therefore pursued other synthetic approaches for the construction 

of the chemoproteomics probes that would be less sensitive to water.  

One robust synthetic method for piecing two compounds together is to use the Cu-

catalyzed azide-alkyne cycloaddition (CuAAC) reaction147. This approach has often been 

used in aqueous solutions making it a suitable method compatible with the use of 

hygroscopic compounds. We therefore elected to use this as a general approach for our 

probes as illustrated in Figures 2.2 and 2.3.  

 

 

  
Figure 2.2. Structures of linker components components for constructing 

probe.  

We decided to use commercially available azide-SS-biotin (Figure 2.2) as a 

building block, this led us to focus on appending alkyne groups to the various OGA ligands. 

Keeping the length of the linker in mind, we focused our attention on using alkyne-PEG4-

acid (Figure 2.2) with the idea being that this will allow OGA to bind the inhibitor moiety 

while still permitting binding of the biotin group to immobilized SA. Figure 2.3 describes 

the general synthetic route used for the construction of the pull-down probes. In brief, 

alkyne-PEG4-acid would be coupled to the free amine of each OGA ligands (1b-4b, Table 

2.1) to afford corresponding alkyne intermediates. This alkyne would then be coupled to 

the commercially available azide-SS-biotin by CuAAC. 
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Figure 2.3. General synthetic steps for the construction of the OGA pull-down probes. 
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For the preparation of the chemoproteomics probes (Probes 1-4, Table 2.1), 

compounds 2a, based on ASC170-NHAc, and 4a, based on AIC-N-Trz (Table 1), were 

coupled to alkyne-PEG4-acid in the presence of HBTU and DIPEA to give intermediates 

2b (82%) and 4b (50%). The azide of compound 1a, which was based on inhibitor 1 6S-

NBnI-DNJNAc, was first reduced to the amine via Staudinger reduction using PPh3. 

Without further purification, this adduct was then coupled to alkyne-PEG4-acid in the same 

manner as described for intermediates 2b and 4b, to afford the alkyne intermediate 1b in 

50% over 2 steps. For the construction of alkyne intermediate 3b, the Boc group was first 

removed using TFA. The resulting azide product was then coupled to alkyne-PEG4-acid 

using CuAAC to couple the alkyne so as to leave the free terminal carboxylic acid. This 

acid was then coupled to propargyl amine to afford the alkyne intermediate 3b in 31% 

yield over 3 steps. Alkyne intermediates 1b-4b were then coupled to azide-SS-biotin using 

CuAAC to give the desired final products, Probe 1 (DNJNAc-6S,NBnI-Biotin), Probe 2 
(ASC170-NH-Biotin), Probe 3 (TMG-6Ntrz-Biotin), and Probe 4 (AIC-N-Trz-Biotin) in 

51%, 38%, 44%, and 31%, respectively. 
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Table 2.1. Coupling strategies to obtain the target chemoproteomics OGA probes using alkyne-PEG4-acid followed by 
CuAAC with the azide-SS-biotin building block. 

Starting Material Alkyne Intermediate Final Product 

      

    
  

      

 

 

 

 

 

 

Reaction conditions: a) Alkyne-PEG4-acid, HBTU, DIPEA, DMF; b) PPh3, 4:1 THF:H2O; c) TFA, DCM; d) Alkyne-PEG4-acid, CuSO4-5H2O, NaAscorbate, 1:1 DMF:H2O; e) 
propargyl amine, HBTU, DIPEA, DMF; f) azide-SS-biotin, CuSO4-5H2O, NaAscorbate, 1:1 DMF:H20 
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2.3. Determining affinities of OGA chemoproteomics 
probes 

Following completion of the synthesis, the affinities of each probe were estimated 

using enzyme activity assays in order to determine if there were any deleterious changes 

in affinities after coupling of the linker and biotin moiety. As expected based on the 

previously mentioned analysis of reported structure-activity relationships and a 

consideration of the enzyme active sites143,145,146, the affinities of the respective inhibitors 

and the corresponding chemoproteomics probes had similar potencies. The inhibition data 

is shown in Figure 2.4. The Ki values of each probe are as follows; Probe 1 gave a Ki 

value of 8 nM from a Ki value of 2.9 nM for inhibitor 1; Probe 2 gave a Ki value of 43 nM 

from a Ki value of 14 nM for inhibitor 2; Probe 3 gave a Ki of 62 nM with a Ki value of 4 nM 

for inhibitor 3; and Probe 4 gave a Ki value of 15 nM with a Ki value of 9 nM for inhibitor 

4. These probes each show a slight decrease in potency upon attachment of the linker 

and biotin affinity group, supporting our rationale for the design of these chemoproteomics 

probes. Most significantly, these reductions in potencies leave the resulting probes still 

highly potent and having higher affinities than required to perform the desired pull-down 

experiments. 
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Figure 2.4. Determination of IC50 values for chemoproteomics probes (Probes 1-

4).  
Shown in yellow is data for Probe 1 (DNJNAc-6S,NBnI-Biotin) showing an IC50 value of 16 nM; in 
red is Probe 2 (ASC170-NH-Biotin) showing an IC50 value of 86 nM; , in green is Probe 3 (TMG-
6Ntrz-Biotin) showing an IC50 value of 124 nM; and in blue is Probe 4 (AIC-N-Trz-Biotin) showing 
an IC50 value of 30 nM. 

 

 

 

 

 

 

 



40 
 

Table 2.2. The chemical structure of each probe with the calculated Ki values shown for both the parent inhibitor and the 
chemoproteomics probe. 

Inhibitor 1 (6S-NBnI-DNJNAc) 
Ki = 2.9 ± 0.1 nM  
 
Probe 1 (DNJNAc-6S,NBnI-Biotin) 
Ki = 8 ± 0.7 nM 

 

Inhibitor 2 (ASC170-NHAc) 
Ki = 14 ± 1.1 nM 
 
Probe 2 (ASC170-NH-Biotin) 
Ki = 43 ± 3.8 nM   

Inhibitor 3 (TMG) 
Ki = 4 ± 0.3 nM  
 
Probe 3 (TMG-6N-Biotin) 
Ki = 62 ± 5.8 nM 

 

Inhibitor 4 (AIC-N-Trz) 
Ki = 9 ± 0.5 nM 
 
Probe 4 (AIC-N-Trz-Biotin) 
Ki = 15 ± 1.4 nM 
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2.4. Development of pull-down methods  

For optimization of the methods I decided to use chemoproteomics Probe 1, as it 

had the lowest Ki value and we therefore reasoned it would be the most effective probe to 

facilitate optimization. To begin, a general stepwise method was laid out for the 

experiment. The aim was to enrich OGA from a biological sample. This was done by 

incubating the probe with the sample to allow binding to the enzyme, followed by capturing 

the resulting OGA-probe complex on a solid support, and finally eluting the captured OGA 

off of the beads. The solid support I decided to use was magnetic SA-coated beads, as 

can be conveniently collected using a magnet. This convenient magnetic precipitation 

method permits repeatable rounds of efficient washing and capture followed by elution 

using gentle reducing conditions including diothiothreitol (DTT)-containing buffer. The 

probe was designed with this cleavable disulfide in mind, as it was shown by Teranishi et 

al. that elution using DTT gives a cleaner elution profile, whereas using a harsher 

detergent, such as SDS, would effectively strips both non-specific adsorbed proteins along 

with SA from the resin124. My initial experiments to validate the probe were done using 

recombinant OGA in solution.  

2.4.1. Small-scale optimization experiments 

Preliminary efforts were made to determine if this probe could work using 

recombinant full-length hexahistidine tagged human OGA (hOGA). Briefly, the experiment 

was performed at 4°C and involved the incubation of probe with hOGA, followed by 

addition of magnetic beads. After five rounds of washing, the protein was eluted using 

buffer containing DTT. A detailed description of the protocol is described in Experimental 

section 2.5.1 i). 

  



42 
 

 
Figure 2.5. Analysis of recombinant hOGA enrichment using chemoproteomics 

Probe 1, and elution in DTT-containing buffer by immunoblot. 
Anti-OGA immunoblot of the input, washes, and elution from the pull-down experiment with 100 nM 
recombinant hOGA. From this analysis, a band is present in the elution corresponding to hOGA, 
showing enrichment.  

Success of the probe in enrichment of hOGA, with this protocol, was verified by 

the anti-OGA immunoblot (Figure 2.5). Furthermore, the data shows that five rounds of 

washing was clearly more than sufficient to ensure non-specific adsorbed hOGA was 

washed away whilst still keeping the hOGA-probe complex stable on the beads, and 

enabling its elution under mild conditions with DTT in the elution buffer.  

I next turned to determining how the probe functioned in a more complex biological 

sample, here focusing on bovine brain tissue, as OGA had been previously purified from 

bovine brain3. Additionally, the enzyme is known to be abundant in brain tissue148 and 

bovine OGA is highly similar to hOGA in terms of sequence similarity (99.3%). To test 

feasibility, I performed three serial experiments. The first contained 100 nM of exogenous 

recombinant hOGA, the second 10 nM of exogenous hOGA, and the last contained only 

endogenous bovine OGA. The general procedure was as previously described and details 

are provided in the Experimental section 2.5.1 ii). 
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Figure 2.6. Analysis of recombinant hOGA and endogenous bovine OGA 

enrichment from bovine brain lysates by immunoblot.  
Anti-OGA immunoblot of the input, resulting supernatant after depletion, washes, and elution from 
the pull-down with 100 nM, 10 nM, or no exogenous recombinant hOGA in bovine brain lysate. 
From each of these blots, a band present in the elution corresponding to OGA (130 kDa), with 
addition of exogenous hOGA, and also enrichment of endogenous OGA. 
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Figure 2.7. Recombinant hOGA and endogenous OGA can be precipitated from 

bovine brain lysates by silver-stain.  
Silver stain of SDS-PAGE of the input and elution from the pull-down experiments with 100 nM, 10 
nM, or no exogenous recombinant hOGA in bovine brain lysate. From the gel, a band present in 
the elution corresponding to OGA (130 kDa), with addition of exogenous hOGA, and also slight 
enrichment of endogenous OGA. 

Examining the immunoblots (Figure 2.6) there is a clear band at the expected 

molecular weight (130 kDa) for hOGA in each condition. When exogenous recombinant 

hOGA is added, more OGA is obtained and this can be seen both in the immunoblots but 

most clearly in the silver stained gel (Figure 2.7). Notably, even in the absence of addition 
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of hOGA, one can see that OGA is still observed in the immunoblot. This confirms that 

OGA can be enriched from endogenous levels in bovine brain tissue lysate. Given these 

promising results, I moved on to further optimizations to achieve greater levels of 

enrichment that would enable more detailed proteomic experiments.   

Teranishi et al. used the presence of a competing inhibitor of their target protein 

as a negative control to enable identification of non-specifically bound proteins during 

downstream proteomic studies124. In alignment with this approach, I used a parallel control 

experiment in which excess Thiamet-G had been added to compete with the probe for 

OGA in lysates. I therefore performed a larger scale experiment with the goal of enriching 

more OGA by increasing the lysate volume from 2 mL to 10 mL, while also introducing the 

Thiamet-G competition control. The general protocols were the same but the competition 

control used lysate with Thiamet-G (100 µM) added prior to addition of the 

chemoproteomics probe. Details are provided in the Experimental section 2.5.1 iii). 

 
Figure 2.8. Effect of OGA inhibition competition on pull-down experiment by 

immunoblot.  
Anti-OGA immunoblot of input, resulting supernatant after depletion, washes, and elution of pull-
down using bovine brain lysate scale up (10 mL) in the presence (+) or absence (-) of OGA inhibitor 
Thiamet-G (100 µM). From the blot, a band present in the elution corresponding to OGA, and is not 
present when incubated with Thiamet-G competition.  
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Figure 2.9. Effect of OGA inhibition competition on pull-down experiment by 

silver-stain.  
Silver stain gel of elution from the pull-down experiment using bovine brain lysate (10 mL) in the 
presence (+) or absence (-) of competing inhibitor Thiamet-G (100 µM). From the gel, a band 
present in the elution corresponding to OGA, and is not present when incubated with Thiamet-G 
competition. 

Analysis of the immunoblot data reveals a band corresponding to OGA, confirming 

the enrichment worked. The absence of the same band in the competition control confirms 

that Thiamet-G competition works to block probe binding, in the pull-down experiment. 

The silver-stained gel shows the elutions both in the presence, and absence of Thiamet-

G, and reveals a distinct band at 130 kDa, which corresponds with the expected mass of 

OGA, along with its absence in the competition experiment (Figure 2.8 & 2.9). At this 

stage, I judged the competition control was working well, and would be suitable to proceed 

to scaling up the pull-down experiment to enable larger scale enrichment of OGA. We 

reasoned that having enough OGA protein to be readily visible by Coomassie stain, would 

be sufficient to ensure that binding partners could be readily detected, and PTMs could be 

mapped. First, however, we reasoned that the amount of protein being captured was low 

when considering how much was present in the sample as judged by the input (Figure 

2.8). Therefore, in an effort to improve the conditions, I performed additional experiments 

examining the effects of varying the amount of probe and the amount of beads. These 
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experiments were done using 10 mL of brain lysate and varying probe and beads in a 

small matrix format as follows; i) Standard Condition (Probe 255 nM, beads 10 µL), ii) 5x 

Probe Condition (1.28 µM, beads 10 µL), iii) 5x Beads Condition (Probe 255 nM, beads 

50 µL), iv) 5x Both Condition (Probe 1.28 µM, beads 50 µL). This experiment was done 

as previously described with some variations as noted in bead and probe concentration. 

For details see Experimental section 2.5.1 iv). 

 
Figure 2.10. Analysis of the effects of increasing bead and probe concentrations 

on pull-down efficiency by immunblot.  
Anti-OGA immunoblot of input, resulting supernatant after depletion, wash, and elution of pull-down 
matrix experiments using varying amounts of probe and beads. Performed in the presence (+) or 
absence (-) of competing inhibitor Thiamet-G (100 µM). From each of these blots, a band present 
in the elution corresponding to OGA, in varying amounts for each condition. 
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Figure 2.11. Analysis of the effects of increasing bead and probe concentrations 

on pull-down efficiency by silver-stain.  
Silver stain gel of elution samples obtained from pull-down matrix experiments using varying 
amount of probe and beads. Performed in presence (+) or absence (-) of competing inhibitor 
Thiamet-G (100 µM). From each of elution, a band present corresponding to OGA, in varying 
amounts for each condition. (Lane 7 had an error in sample loading) 

Analysis of the immunoblot data shows that the elution of each condition varies 

significantly. Strikingly, it appears having additional probe actually reduces capture 

efficiency, as less OGA is present in the elution when compared to the standard 

conditions. This makes sense with the presence of excess probe, as it consequently would 

block binding of the probe-OGA complex to the SA-beads. Increasing only the amount of 

beads led to a slight increase in the amount of OGA, whereas increasing the amount of 

both the beads and probe by five-fold resulted in a much larger increase in OGA 

enrichment (Figure 2.10). The silver-stain gel shows the elution samples obtained for each 

experiment condition and show similar results, supporting the use of increased probe and 

bead in subsequent experiments (Figure 2.11).   
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2.4.2. Large-sale optimization experiments 

Moving forward, the next step was to increase the lysate volume (40 mL), as we 

reasoned we could capture more OGA in this way, using increased quantities of probe 

and beads. The following experiment was performed to scale up the amount of probe and 

bead used by 4x, in parallel with the increased volume of lysate. This experiment was 

done following the protocol described in the Experimental section 2.5.2 i), and the 

experimental scheme is illustrated in Figure 2.12.
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Figure 2.12. Schematic of pull-down experiment in bovine brain tissue.  
Bovine brain tissue is lysed following the protocol. Lysate is cleared, and corresponding Thiamet-G competition is, followed by incubations with 
probe and beads. Beads are separated and washed 5x with lysis buffer, and finally eluted using DTT elution buffer to cleave the disulfide from the 
probe. Sample is subsequently processed for MS-proteomics.  
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Figure 2.13. Analysis of larger scale experiment using an increase of brain lysate 

and scale-up of both probe and bead volume, by Coomassie stain. 
Coomassie stain gel of washes, and elution of pull-down using bovine brain lysate scale up (40 
mL) with an increase of probe and bead volume by four-fold. Performed in the presence (+) or 
absence (-) of competing inhibitor Thiamet-G (100 µM). From the gel, a more intense band is 
present in the elution corresponding to OGA. 
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Figure 2.14. Analysis of larger scale experiment using an increase of brain lysate 

and scale-up of both probe and bead volume, by immunoblot.  
Anti-OGA immunoblot of, washes, and elution of pull-down using bovine brain lysate scale up (40 
mL) with an increase of probe and bead volume by four-fold. Performed in the presence (+) or 
absence (-) of competing inhibitor Thiamet-G (100 µM). From the blot, a more intense band is 
present in the elution corresponding to OGA; the control elution of Thiamet-G presence has a slight 
amount of OGA. 

Analysis of the Coomassie stained gel shows a distinct band is visible at 130 kDa 

which corresponds to OGA based on its molecular weight, and its absence in the 

competition control (Figure 2.13). I judged that this level of enrichment is suitable to enable 

accurate identification of protein interactors. However, the experiment performed at this 

scale resulted in the presence of OGA in the competition control experiments (Figure 

2.14). Though at much lower levels, this could prove problematic in the proteomic studies 

and therefore I aimed to reduce the OGA present in the competition control by increasing 

the concentration of Thiamet-G in solution to 500 µM. This experiment was done following 

the protocol described in Experimental section 2.5.2 ii). 
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Figure 2.15. Analysis of larger scale experiment using brain lysate with 

increased competing inhibitor Thiamet-G (500 µM), by immunoblot. 
Anti-OGA immunoblot of input, resulting supernatant after depletion, washes, and elution of pull-
down using bovine brain lysate scale up (40 mL), performed in the presence (+) or absence (-) of 
competing inhibitor Thiamet-G (500 µM). From the blot, a band is present in the elution 
corresponding to OGA; the control elution of Thiamet-G presence had a lower amount of OGA than 
previous experiment. 

The Thiamet-G competing inhibitor was increased to 500 µM from 100 µM. I 

observed that there was a slight decrease in the amount of OGA present, but some still 

remained (Figure 2.15). It is worth noting here that Thiamet-G is present at more than 

10000-fold excess over the concentration of OGA in solution, which we estimated to be 

64 nM based on activity assays [see Appendix Figure A.1], and greater than 2000-fold 

excess over the probe concentration used. We reasoned that increasing the inhibitor 

concentration further would not completely remove the presence of OGA from the 

competition control experiment. We felt this was likely due to the larger bead volumes 

being used and associated non-specific binding of OGA to the resin. However, I judged 

that this would not be problematic as the OGA can be quantitatively subtracted from the 

protein identification list in the competition control, using label-free-quantitation (LFQ) 

during the MS data analysis.  

A final optimization experiment was performed for determination of the ideal ratio 

of probe-to-bead to achieve the optimal enrichment of OGA using the current protocol. 

Previously the probe-to-bead ratio was used according to the stated biotin availability as 

described by the manufacturer (Tri-Link) [see Appendix Table A.1.], which is that 1 µL of 

beads has about 51 pmol of biotin site availability for binding. We reasoned this could vary 

depending on the system and therefore set out to determine the optimum enrichment ratio 

using two chemoproteomics, Probe 1 and Probe 4. I used a serial dilution of the probes 

from 2.04 µM to 32 nM (20.4 nmol-320 pmol) with the bead volume being held constant 
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(50 µL). This experiment was done following the protocol described in the Experimental 

section 2.5.2 iii). 

  
Figure 2.16. Analyses of the of pull-down experiments using chemoproteomics 

Probe 1 and Probe 4 at various concentrations ranging from 2.04 µM 
to 32 nM. 

Anti-OGA immunoblots of elution’s from pull-down experiments with serial titration of probe 
concentrations.  

  
Figure 2.17. Plot enriched OGA from pull-down experiments using various 

concentrations of Probe 1 and Probe 4. 
The elution of the pull-down experiments at each probe dilution concentrations is represented and 
analyzed by immunoblot densitometry by OGA enrichment. The data is fitted to a Gaussian curve 
and highest intensity is observed at between 100-200 nM of the probes.  
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Analysis of the data (Figure 2.16 and 2.17) shows a clear difference in enrichment 

levels of OGA dependent on the concentration of probe. This data follows a Gaussian fit 

that indicates greater enrichment is observed if the concentration of probe used is lower 

than the biotin available on the bead surface, as indicated by the manufacturer. The 

concentration of probe used previously was 255 nM, however, using half this value (128 

nM) showed significant improvement. This new established probe concentration was 

applied to all subsequent studies using all chemoproteomics probes, as described in the 

following chapter. 

 

2.5. Experimental section 

2.5.1. Small-scale optimization experiments 

i) Using full-length recombinant hexahistidine tagged hOGA for pull-down 
and monitoring cleavage efficiency of probe. Recombinant hOGA was added to lysis 

buffer (25 mM HEPES, 150 mM NaCl, 5 mM EDTA, 5% glycerol, pH 7.1) containing 

protease inhibitor cocktail (Roche cOmplete™, EDTA free) at a concentration of 100 nM at 

4°C. Probe 1 was added at concentration of 500 nM (1.02 nmol), and incubated with 

rotation for 1 hr at 4°C. The sample was then incubated with the beads (10 µL) (Tri-Link 

Biotechnologies) for 1 hr at 4°C. The beads were separated and washed with lysis buffer 

5 times at 4 °C. The beads were then eluted with 100 mM DTT in lysis buffer. 

ii) Testing enrichment with exogenous recombinant hOGA added to tissue 
lysates, and endogenous OGA. The bovine brains were obtained from pel-freez 

biologicals. The entire brain was homogenized by cryomilling under liquid nitrogen. The 

lysate was prepared using a 4:1 lysis buffer: dry cell extraction. The brain tissue was 

processed using a dounce homogenizer in 4:1 lysis buffer (25 mM HEPES, 150 mM NaCl, 

5 mM EDTA, 0.05% Triton X-100, 5% Glycerol, pH 7.1, Roche cOmplete™, EDTA free) to 

dry tissue, at 4°C. The lysate was cleared by centrifugation (Sorvall RC-6 Plus) at 20,000 

RPM for 30 mins at 4°C. The supernatant was collected and separated into tubes for the 

3 conditions (2 mL). Recombinant hOGA was added into the lysates for a 100 nM, 10 nM 

and no spike final concentrations. Probe 1 was added at concentration of 255 nM (510 

pmol), and incubated with rotation for 1 hr at 4°C. The sample was then incubated with 
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the beads (10 µL) for 1 hr at 4°C. The beads were separated and washed with lysis buffer 

5 times at 4°C. The beads were then eluted with 100 mM DTT in lysis buffer. 

iii) Addition of parallel control of Thiamet-G inhibitor competition, and 
scaling up lysate volume. The bovine brains were obtained from pel-freez biologicals. 

The lysate was prepared using a 4:1 lysis buffer: dry cell extraction. The brain tissue was 

processed using a dounce homogenizer in 4:1 lysis buffer (25 mM HEPES, 150 mM NaCl, 

5 mM EDTA, 0.05% Triton X-100, 5% Glycerol, pH 7.1, Roche cOmplete™, EDTA free) to 

dry tissue, at 4°C. The lysate was cleared by centrifugation (Sorvall RC-6 Plus) at 20,000 

RPM for 30 mins at 4°C. The supernatant was collected and separated into two tubes for 

the control and experiment conditions. The samples were incubated for 30 mins at 4°C 

with beads to deplete endogenously biotinylated proteins, and 100 µM Thiamet-G in the 

control sample. The beads were spun down and removed, and Probe 1 was added to the 

samples at concentration of 255 nM (2.55 nmol), and incubated with rotation for 1 hr at 

4°C. The sample was then incubated with the beads (10 µL) for 1 hr at 4°C. The beads 

were separated and washed with lysis buffer 5 times at 4°C. The beads were then eluted 

with 30 mM DTT in lysis buffer on a thermomixer at 37°C for 10 mins. 

iv) Determining effect of increasing probe and beads. The bovine brains were 

obtained from pel-freez biologicals. The lysate was prepared using a 4:1 lysis buffer: dry 

cell extractions. The brain tissue was processed using a dounce homogenizer in 4:1 lysis 

buffer (25 mM HEPES, 150 mM NaCl, 5 mM EDTA, 0.05% Triton X-100, 5% Glycerol, pH 

7.1, Roche cOmplete™, EDTA free) to dry tissue, at 4°C. The lysate was cleared by 

centrifugation (Sorvall RC-6 Plus) at 20,000 RPM for 30 mins at 4°C. The supernatant was 

collected and separated into fresh tubes for the control and experiment conditions of each 

condition. The samples were incubated for 30 mins at 4°C with beads to deplete 

endogenously biotinylated proteins, and 100 µM Thiamet-G in the control sample. The 

beads were spun down and removed, and Probe 1 was added to the samples, (255 nM 

or 1.28 µM), and incubated with rotation for 1 hr at 4°C. The sample was then incubated 

with the beads (10 µL or 50 µL) for 1 hr at 4°C. The beads were separated and washed 

with lysis buffer 5 times at 4°C. The beads were then eluted with 30 mM DTT in lysis buffer 

on a thermomixer at 37 °C for 10 mins. 
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2.5.2. Large-scale optimization experiments 

i) Scaling up lysate, beads and probe by 4x to enhance OGA enrichment. The 

bovine brains were obtained from Animal Technologies, Inc. The lysate was prepared 

using a 4:1 lysis buffer: dry cell extractions. The entire brain was homogenized by 

cryomilling under liquid nitrogen. The brain tissue was processed using a dounce 

homogenizer in 4:1 lysis buffer (25 mM HEPES, 133 mM KCl, 5 mM MgCl2, 5 mM EDTA, 

10% Glycerol, pH 7.1, SIGMAFAST™ Protease Inhibitor Cocktail) to dry tissue, at 4°C. 

The lysate was cleared by centrifugation (Sorvall RC-6 Plus) at 20,000 RPM for 30 mins 

at 4°C. The supernatant was collected and debris was removed by ultra-centrifugation 

(Beckman Optima Ultracentrifuge L-80 XP) at 45, 000 RPM for 45 mins at 4°C.  The 

supernatant was collected and separated into fresh tubes for the control and experiment 

conditions of each condition. The samples were incubated for 30 mins at 4°C with beads 

to deplete endogenously biotinylated proteins, and 100 µM Thiamet-G in the control 

sample. The beads were spun down and removed, and 255 nM (10.2 nmol) of Probe 1 
was added to the samples, and incubated with rotation for 1 hr at 4°C. The sample was 

then incubated with the beads (200 µL) for 1 hr at 4°C. The beads were separated and 

washed with lysis buffer 5 times at 4°C. The beads were then eluted with 60 mM DTT in 

lysis buffer on a thermomixer at 37°C for 10 mins. 

ii) Increasing competing Thiamet-G concentration to remove OGA in Control. 
The bovine brains were obtained from Animal Technologies, Inc. The lysate was prepared 

using a 4:1 lysis buffer: dry cell extractions. The brain tissue was processed using a 

dounce homogenizer in 4:1 lysis buffer (25 mM HEPES, 133 mM KCl, 5 mM MgCl2, 5 mM 

EDTA, 10% Glycerol, pH 7.1, SIGMAFAST™ Protease Inhibitor Cocktail) to dry tissue, at 

4°C. The lysate was cleared by centrifugation (Sorvall RC-6 Plus) at 20,000 RPM for 30 

mins at 4°C. The supernatant was collected and debris was removed by ultra-

centrifugation (Beckman Optima Ultracentrifuge L-80 XP) at 45,000 RPM for 45 mins at 

4°C.  The supernatant was collected and separated into fresh tubes for the control and 

experiment conditions of each condition. The samples were incubated for 30 mins at 4°C 

with beads to deplete endogenously biotinylated proteins, and 500 µM Thiamet-G in the 

control sample. The beads were spun down and removed, and 255 nM (10.2 nmol) of 

Probe 1 was added to the samples, and incubated with rotation for 1 hr at 4°C. The sample 

was then incubated with the beads (200 µL) for 1 hr at 4°C. The beads were separated 
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and washed with lysis buffer 5 times at 4°C. The beads were then eluted with 60 mM DTT 

in lysis buffer on a thermomixer at 37°C for 10 mins. 

iii) Determining the optimum probe-to-bead ratio for optimal OGA 
enrichment from probe titration. The bovine brains were obtained from Animal 

Technologies, Inc. The lysate was prepared using a 4:1 lysis buffer: dry cell extractions. 

This experiment was scaled down 4x. The brain tissue was processed using a dounce 

homogenizer in 4:1 lysis buffer (25 mM HEPES, 133 mM KCl, 5 mM MgCl2, 5 mM EDTA, 

10% Glycerol, pH 7.1, SIGMAFAST™ Protease Inhibitor Cocktail) to dry tissue, at 4°C. 

The lysate was cleared by centrifugation (Sorvall RC-6 Plus) at 20,000 RPM for 30 mins 

at 4°C. The supernatant was collected and debris was removed by centrifugation 

(Beckman Optima Ultracentrifuge L-80 XP) at 45,000 RPM for 45 mins at 4°C. The 

supernatant was collected and separated into fresh tubes for the different probe 

concentration experiments of each condition. The samples were incubated for 30 mins at 

4°C with beads to deplete endogenously biotinylated proteins. The beads were spun down 

and removed, and a varied amount of probe was added 32 nM–2.04 µM (320 pmol–20.4 

nmol) of Probe 1 and Probe 4 was added to the samples, and incubated with rotation for 

1 hr at 4°C. The sample was then incubated with the beads (50 µL) for 1 hr at 4°C. The 

beads were separated and washed with lysis buffer 5 times at 4°C. The beads were then 

eluted with 60 mM DTT in lysis buffer on a thermomixer at 37°C for 10 mins. 

2.5.3. Expression and purification of recombinant hOGA 

E. coli cells that were transformed with a plasmid expressing hexahistidine tagged 

hOGA (full-length) were inoculated in lysogeny broth (LB) medium containing kanamycin 

(50 µg/mL), and were incubated aerobically at 37°C overnight. The following day, 10 L of 

LB containing kanamycin (50 µg/mL), were inoculated with the overnight culture (1:100) 

and incubated aerobically at 37°C to an OD600 of ~1.0. Once reached, cells were cold 

shocked at 4°C for 30 mins, then had IPTG added (0.1mM) to induce protein synthesis, 

and expression induced at 21°C overnight. The cells were harvested by centrifugation 

(high-speed) at 20,000 RPM at 4°C for 20 mins, and cells were flash frozen in liquid 

nitrogen, and stored at −80°C until needed. 

For purification of hOGA, cells were thawed and resuspended in 25 mM HEPES, 

500 mM NaCl, 1 mM DTT, pH 7.0, 5 mM imidazole (resuspension buffer), and rocked with 
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lysozyme (1mg/mL) at 4°C for 30 mins. Cells were lysed using a sonic dismembrator at 

amplitude 60%, for 3 mins (20 sec on, 40 sec off). The lysate was cleared by centrifugation 

(high-speed) at 20,000 RPM at 4°C for 30 mins, and again (ultra-speed) at 45,000 RPM 

at 4°C for 40 mins. The supernatant was passed through a pre-equilibrated HisTrap FF 

column (GE Healthcare) in suspension buffer using a peristaltic pump (flow rate 2mL/min). 

The column loaded with hOGA was purified by a gradient of 0% to 50% of elution buffer 

(25 mM HEPES, 500 mM NaCl, 1mM DTT, pH 7.0, and 500 mM imidazole) over 50 mL of 

volume. Fractions containing hOGA were pooled and dialyzed using a molecular weight 

cut-off (MWCO) of 30 kDa in final buffer (10 mM HEPES, 250 mM NaCl, 1 mM DTT, pH 

7.0). Dialyzed hOGA was concentrated using a Vivaspin of 70 kDa MWCO, and had 

concentrations determined by Nanodrop 2000 UV-Vis spectrophotometer. Purified hOGA 

was aliquoted, flash frozen in liquid nitrogen, and stored at -80°C until required. 

2.5.4. Kinetic assays 

Inhibition assays were performed using a final concentration of 2 nM OGA-L and 

35 μM of 4-methylumbelliferyl N-acetyl-β-D-glucosaminide with various concentrations of 

each inhibitor 1 (ASC170-NHAc), inhibitor 2 (6S-NBnI-DNJNAc), inhibitor 3 (AIC-N-Trz), 

and inhibitor 4 (TMG);  Probe 1 (DNJNAc-6S,NBnI-Biotin), Probe 2 (ASC170-NH-Biotin, 

Probe 3 (TMG-6Ntrz-Biotin), and Probe 4 (AIC-N-Trz-Biotin). The assays were performed 

at 37°C in a final volume of 45 μl in lysis buffer (20 mM HEPES, 133 mM KCl, 5 mM MgCl2, 

5mM EDTA, 10% glycerol, pH 7.1). Reactions were initiated with the addition of enzyme, 

and reaction progress was monitored continuously (excitation and emission wavelengths: 

350 and 445 nm) over a 20 min period. The amount of fluorophore liberated was assessed 

using a standard curve for 4-methylumbelliferone in inhibition buffer. Inhibitor Ki values 

were determined using the Morrison fit equation for tight binding inhibition kinetics. All 

curve fitting for enzyme kinetics and inhibition experiments was performed using 

GraphPad Prism, and error bars correspond to s.d. from four technical replicates 

(quadruplicate reads). The experiments were all repeated at least twice to ensure 

reproducibility of the data. 

2.5.5. SDS-PAGE and western blotting 

Protein samples were boiled in SDS sample buffer, were separated on 8% SDS-

PAGE gels (Bio-Rad) and blots were transferred onto nitrocellulose membrane (Bio-Rad). 
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Colloidal Coomassie Brilliant Blue G-250 (ThermoFisher Scientific) and Silver staining 

(Pierce) was used for the total protein staining, on the SDS-PAGE gel. Membranes were 

blocked for 1 hr in phosphate buffered saline (PBS) or PBS-T (PBS, 0.1% Tween 20, pH 

7.4) with 4% bovine serum albumin (BSA) (Bioshop) at room temperature, and then 

incubated with anti-O-GlcNAcase (OGA) (C-terminal region) antibody produced in rabbit 

(Sigma-SAB4200311) overnight at 4°C. The following day, the membrane was rinsed 

thoroughly with PBS-T two times for 5 mins and two times for 10 mins. Membranes were 

then incubated with secondary antibody in 4% BSA in PBS-T for 1 hr at room temperature 

and then incubated with the IRDye 800CW or IRDye 680LT (Li-Cor), followed by washing 

with PBS-T twice for 5 min and two times for 10 min. Finally, membranes were scanned 

using an Odyssey Infrared Imager (Li-Cor), and images were analyzed using Odyssey 

software (Li-Cor).  

2.5.6. Mass Spectrometry sample preparation, and run parameters, 
and data analysis 

Peptide samples were purified by solid phase extraction on C-18 stage tips149–151. 

Purified peptides were analyzed using a trapped ion mobility quadrupole–time-of-flight 

mass spectrometer (timsTOF) (timsTOF Pro; Bruker Daltonics) on-line coupled to an Easy 

nano LC 1000 HPLC (High-performance liquid chromatography) (ThermoFisher Scientific) 

using a Captive spray nanospray ionization source (Bruker Daltonics) including a 75-μm-

inner diameter, 40 cm long fused silica analytical column with an integrated spray tip (6–

8 μm-diameter opening, pulled on a P-2000 laser puller from Sutter Instruments). The 

analytical column was packed with 1.9 μm-diameter Reprosil-Pur C-18-AQ beads (Dr. 

Maisch, www.Dr-Maisch.com) and it was heated to 50°C using tape heater 

(SRMU020124,Omega.com) and in house built temperature controller (with a temperature 

sensor SA1-RTD-80, Omega.com and a microprocessor controller CN7500, omega.com). 

Buffer A consisted of 0.1% aqueous formic acid and 2% acetonitrile in water, and buffer B 

consisted of 0.1% formic acid in 90% acetonitrile in water. Samples were resuspended in 

buffer A and loaded with the same buffer. Standard 90 min run gradient was from 5% B to 

15% B over 45 min, then to 37% B from 45 to 90 min, then to 90% B over 2 min, held at 

90% B for 13 min.  Before each run, the analytical column was conditioned with 4 μL of 

buffer A and the sample loading was set at 10 μL (for samples up to 3 μL volume).  The 

LC thermostat temperature was set at 60°C.  The Captive Spray Tip holder was modified 

similarly to an already described procedure140, the fused silica spray capillary was 
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removed (together with the tubing which holds it) to reduce the dead volume, and the 

analytical column tip was fitted in the Bruker spray tip holder using a piece of 1/16” x 0.015 

PEEK tubing (gray PEEK, IDEX), an 1/16” metal two-way connector and a 16-004 Vespel 

ferrule (Trajan Scientific). The sample was loaded on the trap column at 950 Bar and the 

analysis was performed at 0.35 μL/min flow rate. The OGA protein interactor sample had 

50-100 μg of sample loaded in 1 μL, and the OGA PTM sample had 5-10 μg of sample 

injected in 1 μL.  

timsTOF was run with OTOF Control v.5.1 (Bruker Daltonics). LC and MS were 

controlled with HyStar 4.1 (4.1.21.1, Bruker Daltonics). The timsTOF was set to acquire in 

a data-dependent parallel accumulation-serial fragmentation (PASEF) mode with 

fragmenting the 10 most abundant ions (one at the time at 18 Hz rate) after each full-range 

scan from m/z 100 Th to m/z 1700 Th. The collision energy was 42 eV. Parent ions were 

then excluded from MS/MS for the next 0.4 min and reconsidered if their intensity 

increased more than 5 times. Mass accuracy: error of mass measurement was not allowed 

to exceed 10 ppm. The nano ESI source was operated at 1900 V capillary voltage, 3 L/min 

drying gas and 180°C drying temperature. Funnel 1 was set at 300 V, Funnel 2 at 200 V, 

Multipole RF at 200V, Deflection delta at 70 V, Quadrupole ion energy at 5 eV, low mass 

at 200 Th, collision cell energy at 10 eV, Collision RF at 1500 V, Transfer time at 60 μs, 

Pre-pulse storage at 12 μs. PASEF was on with 10 PASEF scans for charges 0 to 4, 

Target intensity 20000 and Intensity threshold 2500. Singly charged ions were filtered off 

using tims filtering polygon set on the timsTOF heatmap. Isolation width was 2 Th for m/z 

<= 700 Th and 3 Th for m/z >= 800 Th, Collision energy was 42.0 eV. MS/MS repetition 

was 1 for intensity > 20000, 2 for intensity 14142 to 20000, 3 for intensity 11547 to 14142, 

4 for intensity 10000 to 11547, 5 for intensity 8944 to 10000, 6 for intensity 8164 to 8944, 

7 for intensity 7559 to 8164, 8 for intensity 7071 to 7559, 9 for intensity 6666 to 7071 and 

10 for lower intensity. Exclusion window had mass width 0.015 Th and ion mobility 

coefficient (1/K0) width 0.015 V·s/cm2. 

Analysis and processing for protein interactors data 

Analysis of Mass Spectrometry Data was performed using MaxQuant 1.6.10.43 
152,153. The search was performed against a database comprised of the protein sequences 

from the source organism plus common contaminants using the following parameters: 

peptide mass accuracy 10 parts per million; fragment mass accuracy 0.05 Da; trypsin 
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enzyme specificity, fixed modifications - carbamidomethyl, variable modifications - 

methionine oxidation and N-acetyl peptides. Only those peptides exceeding the 

individually calculated 99% confidence limit (as opposed to the average limit for the whole 

experiment) were considered as accurately identified.  

Perseus v1.5.0.30154 was used for cross-referencing of columns of categorized 

data, as well as sorting and removing common contaminants and reverse peptides. R 

v3.6.2 - Dark and Stormy Night (The R Foundation for Statistical Computing) was used for 

data processing and data subtraction.  

An LFQ difference threshold of 500,000 was established for statistical significance, 

which gave the maximum number of enriched Go terms for protein identified from the 

peptide fragmentation data [see Appendix Figure A.3]. The statistically significant peptide 

sequence data acquired from samples incubated in the presence of Thiamet-G competing 

inhibitor was subtracted from statistically significant peptide data in the absence of 

competing inhibitor. This afforded a list of 150 candidate interactors identified among the 

four probes collectively [see Appendix Table A.2]. 

Analysis and processing for PTM data 

Identification and relative quantitation of the proteins was carried out using PEAKS 

software. FASTA files were downloaded from uniprot.org and included the canonical 

databases filtered for reviewed entries only and included isoforms. Search parameters 

had a mass error tolerance of 20.0 ppm, fragment error tolerance of 0.05 Da [see Appendix 

Figure A.3], with 2 missed cleavages limit. The fixed modifications were carbamidomethyl, 

and wide selection for the variable modifications from PEAKS list, included over 312 

variable modification, with max variable PTM per peptide allowance of three. The False 

discovery rate (FDR) was set to 1% for peptide-spectrum matches (PSM) [see Appendix  

Figure A.4], FDR was 4.2% for peptides sequences, and 0.0% FDR for protein groups. 

The filtrations values were for a peptide with -10logP value of greater than 28.6, a PTM 

AScore greater than 0, protein with -10logP value greater than 20, protein unique peptides 

greater than 0, and De novo score (%) greater than 50% [see Appendix Figure A.5], and 

a peptide filter charge of 2-8. 



63 
 

2.5.7. General chemical methods 

Unless stated otherwise, all reagents were purchased from commercial sources 

and were used without further purification. Anhydrous solvents used in reactions were 

purchased from either commercial sources or distilled following standard protocols. 

Reactions were monitored by thin layer chromatography (TLC) on Silica Gel G-25 F254 

(0.25 mm). TLC spots were detected under UV (ultraviolet) light and/or by charring with p-

anisaldehyde stain. Flash chromatography was performed on Silica Gel 60 (230–400 

mesh, Fisher Scientific). CombiFlash was performed on CombiFlash Rf 200 from 

Teledyne ISCO. In reference to ‘dry load’, the residue was dissolved in appropriate solvent 

then silica gel was added; this solvent was then evaporated to produce the residue 

adhered to silica which was loaded onto the column in dry form. HPLC was performed on 

Agilent 1100 series equipped with a variable wavelength UV-Vis detector using either an 

Eclipse XDB-C18 column (3.5 µm, 3.0 ´ 150 mm for analytical runs and 5.0 µm, 9.4 ´ 250 

mm for semi-preparative scale purifications) or ZORBAX 300SB C8 column (5.0 µm, 9.4 

´ 250 mm for analytical runs and semi-preparative scale purifications) using HPLC grade 

solvents. Solvents were evaporated under reduced pressure on a rotary evaporator 

between 40–60ºC using either PIAB vacuum system, Welch Dry Fast Ultra vacuum 

pumps, or by lyophilisation. NMR spectra were recorded on Bruker AVIII (400 or 500 MHz 

for 1H, 101 or 126 MHz for 13C) or Bruker AVII QNP Cryoprobe (600 MHz for 1H, 151 MHz 

for 13C) spectrometers. Chemical shifts were referenced to the signal of the solvent (1H 

NMR: CDCl3: 7.26 ppm, CD3OD: 3.30 ppm; 13C NMR: CDCl3: 77.0 ppm; CD3OD 49.0 

ppm). 1H NMR data are reported as though they were first order and peak assignments 

were made on the basis of 2D-NMR (1H–1H COSY, HSQC, HMBC) experiments. High 

resolution mass spectrometer (HRMS) spectra were recorded on a Bruker MaXis Impact 

or Agilent Technologies 6210 Time-of-Flight LC/MS spectrometers using positive or 

negative ESI.  
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Development of Probe 1  (DNJNAc-6S,NBnI-Biotin) 

 

 
Inhibitor 1  (6S-NBnI-DNJNAc): Provided by collaborators: Manuel Gonzalez Cuesta, 

Carmen Ortiz Mellet, Jose M. Garcia; from Instituto de Investigaciones Químicas (IIQ), 

CSIC and Universidad de Sevilla. 

 
Alkyne intermediate  (1a): To inhibitor 1a (13.5 mg, 0.0316 mmol) and PPh3 (9.1 mg, 

0.0348 mmol) was added a solution of 4/1 THF/H2O (2.5 mL). The reaction mixture was 

stirred overnight (21 h), then concentrated with co-evaporation with 1/1 toluene/iPrOH 

(3´). The residue was dried under vacuum for 2.5 hr. To the residue was added HBTU 

(16.8 mg, 0.0442 mmol) and linker (12.5 mg, 0.0411 mmol) followed by anhydrous DMF 

(1.5 mL) and DIPEA (16.6 µL, 0.0948 mmol). The reaction mixture was stirred overnight 

(21.75 hr) then concentrated with co-evaporation with toluene (2´). The resulting residue 

was purified by CombiFlash (dry load, 4 g RediSep Gold Column, 18 mL/min) using a 

gradient of 1/0/0®6/3/1 EtOAc/MeOH/H2O to give intermediate 1b (12.9 mg, 64%) as a 

clear viscous oil. Rf = 0.41 (9/3/1 EtOAc/MeOH/H2O); 1H NMR (600 MHz, CD3OD): δ 7.27 

(d, 2H, J = 8.3 Hz, ArH), 7.25 (d, 2H, J = 8.6 Hz, ArH), 4.39 (d, 1H, J = 14.8 Hz, ArCH2N), 

4.38 (s, 2H, ArCH2N), 4.33 (d, 1H, J = 14.9 Hz, ArCH2N), 4.19 (s, 2H, OCH2Cq), 4.16 (dd, 

1H, J = 12.7, 5.2 Hz, H-1), 3.86 (ddd, 1H, J = 11.2, 10.2, 5.2 Hz, H-2), 3.77 (t, 2H, J = 6.0 

Hz, COCH2CH2O), 3.71–3.62 (m, 16H, 8 ´ OCH2), 3.47 (dd, 1H, J = 10.9, 5.9 Hz, H-6), 

3.40 (dd, 1H, J = 10.2, 8.4 Hz, H-3), 3.36–3.32 (m, 2H, H-4, H-5), 3.18 (dd, 1H, J = 10.8, 

7.1 Hz, H-6’), 2.89 (t, 1H, J = 2.4 Hz, CqCH), 2.59 (dd, 1H, J = 12.8, 11.3 Hz, H-1’), 2.51 

(t, 2H, J = 6.0 Hz, COCH2CH2O), 1.99 (s, 3H, COCH3); 13C NMR (151 MHz, CD3OD): δ 
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172.5 (C=O ), 172.2 (C=O), 161.8 (C=N), 139.2 (Ar), 136.9 (Ar), 127.2 (Ar), 127.1 (Ar),79.2 

(CqCH),75.6 (C3), 74.1 (C4), 70.1 (4´, 4 ´ OCH2), 70.0 (OCH2), 69.9 (2´, 2 ´ OCH2), 68.7 

(OCH2), 66.9 (COCH2CH2O), 64.6 (C5), 57.6 (2´, OCH2Cq, NCH2Ar), 57.5 (NCH2Ar), 49.9 

(C2), 45.8 (C1), 36.3 (COCH2CH2), 29.9 (C6), 21.4 (COCH3); HRMS (ESI) m/z (M+H)+ 

Calc. for C31H47N4O9S: 651.3064, found 651.3631. 

 
Probe 1  (DNJNAc-6S,NBnI-Biotin): To intermediate 1b (4.7 mg, 0.00722 mmol) and 

biotin-SS-azide (5.5 mg, 0.007944 mmol) in DMF (250 µL) was added a solution of sodium 

ascorbate (1.4 mg, 0.007222 mmol) and CuSO4·5H2O (0.9 mg, 0.003611 mmol) in H2O 

(250 µL). The reaction mixture was stirred overnight (17 hr) at room temp. The mixture 

was concentrated and co-evaporated with a 1/1 toluene/iPrOH solution (3×), then dried 

under vacuum for 1 hr. The resulting residue was purified by HPLC (XDB C18 semi-prep 

column) to give the final Probe 1 (3.0 mg, 31%) as a colorless oil. Rf = 0.20 (4/3/1 

EtOAc/MeOH/H2O). 1H NMR (600 MHz, CD3OD): δ 8.05 (s, 1H, ArH), 7.39–7.32 (m, 4H, 

ArH), 4.64 (s, 2H, OCH2Ar), 4.60 (s, 2H, NCH2Ar), 4.52 (dd, 1H, J = 13.3, 5.1 Hz, CHNbiotin), 

4.47 (t, 2H, J = 6.8 Hz, NArCH2CH2CH2), 4.42 (s, 2H, ArCH2N), 4.33 (dd, 1H, J = 7.9, 4.4 

Hz, CHNbiotin), 4.18 (dd, 1H, J = 12.4, 5.2 Hz, H-1), 4.09 (app. q, 1H, J = 8.3 Hz, H-5), 3.86 

(ddd, 1H, J = 11.9, 10.7, 5.1 Hz, H-2), 3.81–3.75 (m, 3H, H-6, COCH2CH2OL1), 3.73–3.45 

(m, 28H, H-3, H-4, COCH2CH2OL2, 13 ´ OCH2), 3.42–3.37 (m, 4H, OCH2CH2NL2, 

SCH2CH2NL2), 3.26–3.21 (m, 3H, CHSbiotin, CH2CH2CH2N(L2)), 3.08 (dd, 1H, J = 12.2, 12.2 

Hz, H-1’), 3.03–2.91 (m, 5H, CH2Sbiotin, CH2CH2SL2, SCH2CH2(L2)), 2.73 (d, 1H, J = 12.7 

Hz, CH2’Sbiotin), 2.66–2.61 (m, 4H, COCH2CH2SL2, COCH2CH2OL2), 2.52 (t, 2H, J = 5.8 Hz, 

COCH2CH2OL1), 2.24 (t, 2H, J = 7.3 Hz, NCOCH2CH2(biotin)), 2.13 (app. t, 2H, J = 6.8 Hz, 

NCH2CH2CH2N L2), 2.02 (s, 3H, COCH3), 1.83–1.55 (m, 4H, CH2(biotin), CH2(biotin)), 1.49–1.44 

(m, 2H, CH2(biotin)); 13C NMR (151 MHz, CD3OD): δ 174.7, 172. 7, 172.5, 172.3, 172.0, 

139.4, 133.5, 127.7, 127.6, 73.8, 73.2, 70.2, 70.1 (4´), 70.0 (2´), 69.8 (3´), 69.4, 69.2, 

69.1, 68.1, 66.9, 62.0, 60.2, 55.6, 51.1, 49.5, 45.6, 42.2, 39.7, 39.1, 39.0, 36.4, 36.1, 35.4, 

35.1, 35.0 (2´), 33.7, 33.6, 31.1, 29.7, 28.4, 28.1, 25.5, 21.3; HRMS (ESI) m/z (M+NH4)+ 

Calc. for C59H101N12O15S4: 1345.5828, found 1345.5766.  
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Development of Probe 2  (ASC170-NH-Biotin) 

 

 
Inhibitor 2 (ASC170-NHAc): Prepared following Patent WO 2017/144639 A1143. 

 
Compound  (2a): To inhibitor 2 (53 mg, 0.159 mmol) in anhydrous DCM (1.6 mL) under 

argon was added succinic anhydride (16 mg, 0.160 mmol). The reaction mixture was 

stirred overnight (25 hr). DCM was removed by evaporation and resulting residue was 

purified by flash chromatography (dry load) in 10/1®6/1 DCM/MeOH to give compound 

2a (22 mg, 32%) as a tannish clear oil. Recollected 2a (15 mg). Rf = 0.23 (10/1 

DCM/MeOH); [α]D −36.2 (c 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6) 8.33 (s, 1H, NH), 

6.89 (d, 1H, J = 1.6 Hz, Ar), 6.85 (d, 1H, J = 7.9 Hz, Ar), 6.76 (dd, 1H, J = 8.0, 1.6 Hz, Ar), 

5.99 (dd, 2H, J = 2.8, 1.0 Hz, OCH2O), 3.40 (q, 1H, J = 6.7 Hz, CHCH3), 3.34 (t, 2H, J = 

5.0 Hz, CH2), 2.61 (t, 2H, J = 6.5 Hz, CH2), 2.52–2.39 (m, 8H, 2 × CH2), 1.28 (d, 3H, J = 

6.7 Hz, CHCH3); 13C NMR (101 MHz, DMSO-d6) 170.5, 167.7, 150.6, 147.7, 146.5, 137.5, 

121.1, 108.3, 108.0, 101.2, 63.7, 49.6, 49.3, 19.8; HRMS (ESI) m/z (M+H)+ Calc. for 

C19H23N5O5S: 434.1498, found 434.1497. 

 
Alkyne intermediate  (2b): To compound 2a (9 mg, 0.0270 mmol), HBTU (15 mg, 0.0396 

mmol), and linker (11 mg, 0.0361 mmol) were sequentially added anhydrous DMF (400 

µL) and DIPEA (9.8 µL, 0.0561 mmol). The reaction mixture was stirred overnight (21.5 

hr) then concentrated with co-evaporation with toluene (2´). The resulting residue was 
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purified by flash chromatography using 25/1®15/1 DCM/MeOH to give the alkyne 

intermediate 2b (14 mg, 82%) as a clear oil. Rf = 0.44 (15/1 DCM/MeOH); 1H NMR (400 

MHz, CDCl3): δ 6.89 (s, 1H, ArH), 6.77 (s, 2H, 2 × ArH), 5.97 (s, 2H, OCH2O), 4.20 (d, 2H, 

J = 2.4 Hz, OCH2CCH), 3.86 (t, 2H, J = 5.7 Hz, OCH2), 3.77–3.67 (m, 17H, ArCHCH3, 8 × 

OCH2), 3.52 (app. t, 4H, J = 4.9 Hz, 2 × NCH2), 2.79 (t, 2H, J = 5.7 Hz, COCH2), 2.74–

2.61 (m, 4H, 2 × NCH2), 2.44 (t, 1H, J = 2.4 Hz, CH2CCH), 1.40 (d, 3H, J = 6.7 Hz, CHCH3); 
13C NMR (151 MHz, CDCl3): δ 167.0 (C=O), 151.8 (Ar), 149.2 (Ar), 148.7 (Ar), 135.8 (Ar), 

125.5 (Ar), 123.6 (Ar), 108.9 (Ar), 108.8 (Ar), 101.8 (OCH2O), 79.5 (OCH2CqCH), 74.8 

(OCH2CqCH), 70.4 (2´, OCH2, OCH2), 70.3 (OCH2), 70.2 (3´, 3 ´ OCH2), 70.1 (OCH2), 

69.0 (OCH2), 67.5 (CHCH3), 66.5 (COCH2CH2O), 58.4 (OCH2CqCH), 55.2 (NCH2), 46.2 

(NCH2), 36.2 (COCH2CH2), 18.6 (CHCH3); HRMS (ESI) m/z (M+H)+ Calc. for C29H42N5O8S: 

620.2676, found 620.2712.  

 

Probe 2  (ASC170-NH-Biotin): To the alkyne intermediate 2b (4.0 mg, 0.00645 mmol) 

and biotin-SS-azide (4.5 mg, 0.00649 mmol) in DMF (250 µL) was added a solution of 

sodium ascorbate (1.4 mg, 0.00707 mmol) and CuSO4·5H2O (0.8 mg, 0.00320 mmol) in 

H2O (250 µL). The reaction mixture was stirred overnight (17 hr) at room temp. The mixture 

was concentrated and co-evaporated with a 1/1 toluene/iPrOH solution (3×), then dried 

under vacuum for 1 hr. The resulting residue was purified by HPLC (XDB C18 semi-prep 

column) to give the final Probe 2 (3.2 mg, 38%) as a colorless oil. Rf = 0.17 (9/3/1 

EtOAc/MeOH/H2O). 1H NMR (600 MHz, CD3OD): δ 8.04 (s, 1H, ArH), 7.05 (s, 1H, ArH), 

7.01 (d, 1H, J = 8.0 Hz, ArH), 6.96 (d, 1H, J = 7.9 Hz, ArH), 6.06 (s, 2H, OCH2O), 4.64 (s, 

2H, ArCH2OL1), 4.52 (dd, 1H, J = 7.9, 4.9 Hz, CHNbiotin), 4.47 (t, 2H, J = 7.0 Hz, 

NArCH2CH2CH2), 4.33 (dd, 1H, J = 7.9, 4.5 Hz, CHNbiotin), 3.83 (t, 2H, J = 5.9 Hz, 

OCH2CH2COL1), 3.70–3.59 (m, 32H, 12 ´ OCH2, 4 ´ NCH2), 3.58–3.55 (m, 4H, OCH2, 

OCH2), 3.4–3.37 (m, 4H, OCH2CH2NL2, SCH2CH2NL2), 3.27–3.21 (m, 5H, CHSbiotin, 

CH2CH2CH2N(L2), CHCH3), 2.99–2.93 (m, 5H, CH2Sbiotin, CH2CH2SL2, SCH2CH2(L2)), 2.74–

2.71 (m, 3H, CH2Sbiotin, COCH2CH2OL1), 2.63 (app. t, 2H, J = 6.5 Hz, COCH2CH2SL2, 

COCH2CH2OL2), 2.24 (t, 2H, J = 7.4 Hz, NCOCH2CH2(biotin)), 2.13 (t, 2H, J = 6.8 Hz, 

NCH2CH2CH2N), 1.80–1.55 (m, 7H, CH2(biotin), CH2(biotin), CHCH3), 1.51–1.41 (m, 2H, 

CH2(biotin)); 13C NMR (151 MHz, CD3OD): δ 174.7, 172.5, 172.3, 170.0, 164.7, 149.2, 148.8, 
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124.1 (2´), 108.4, 108.1, 101.9, 70.2 (3´), 70.1 (2´), 70.0 (2´), 69.8 (2´) 69.4, 69.2, 69.1, 

66.5, 66.2, 63.6, 62.0, 60.2, 55.6, 48.0, 47.9, 47.7, 47.6, 47.4, 47.3, 47.2, 46.1, 39.7, 39.1, 

39.0, 36.1, 35.8, 35.4, 35.0 (2´), 33.7, 33.6, 29.7, 29.4, 28.4, 28.1, 25.5, 15.8; HRMS (ESI) 
m/z (M+H)+ Calc. for C56H90N13O15S4: 1312.5557, found 1312.5523. 
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Development of Probe 3  (TMG-6Ntrz-Biotin) 

 

 
Compound  (3a): To a solution of Thiamet-G (TMG) (2.0 g, 9.05 mmol) in anhydrous 

DMF (40 mL) under argon was added Boc2O (7.02 g, 32.20 mmol). The reaction mixture 

was stirred at room temp. overnight (~16 hr) before being concentrated and co-evaporated 

with toluene (3×). The resulting residue was dried under vacuum for ~2 hr and then placed 

under argon. Anhydrous DCM (55 mL) and Et3N (3.4 mL, 24.15 mmol) were sequentially 

added. To the stirring mixture was then added pTsCl (1.99 g, 9.05 mmol) and then stirred 

overnight (15.5 hr) at room temp. The reaction mixture was diluted with DCM (100 mL), 

then washed with water (1 × 100 mL) and brine (1 × 100 mL). The organic layer was dried 

over Na2SO4, filtered, and concentrated. To the resulting residue were sequentially added 

DMF (20 mL) and NaN3 (1.57 g, 24.15 mmol). The reaction mixture was stirred at 60 °C 

for 44 hr. The mixture was concentrated and the resulting residue was taken up in EtOAc 

(150 mL), then washed with water (1 × 100 mL) and brine (1 × 100 mL). The organic layer 

was dried over Na2SO4, filtered, and concentrated. The resulting residue was purified by 

flash chromatography (DCM load) in 1/1®2/1 EtOAc/Hex to afford compound 3a (903 mg, 

30% over 3 steps) as a white amorphous solid. Rf = 0.38 (2/1 EtOAc/Hex); 1H NMR (400 

MHz, CDCl3): δ 6.12 (d, 1H, J = 6.9 Hz, H-1), 4.14 (dd, 1H, J = 6.8, 6.8 Hz, H-2), 3.96 (dd, 

1H, J = 6.5, 6.5 Hz, H-3), 3.87 (q, 2H, J = 7.3 Hz, CH2), 3.80–3.76 (m, 1H, H-5), 3.63 (dd, 

1H, J = 8.6, 6.7 Hz, H-4), 3.55–3.49 (m, 2H, H-6, H-6’), 1.53 (s, 9H, C(CH3)3), 1.16 (t,  3H, 

J = 7.0 Hz, CH2CH3); 13C NMR (101 MHz, CDCl3): δ 159.6 (C=O), 152.7 (C=N), 87.8 (C1), 

83.7 (C(CH3)3), 74.5 (C3), 73.9 (C5), 71.9 (C2), 70.3 (C4), 51.9 (C6), 42.3 (CH2), 28.1 

(C(CH3)3), 13.3 (CH2CH3); HRMS (ESI) m/z (M+H)+ Calc. for C13H24N5NaO5S: 396.1312, 

found 396.1322. 

OHO
HO

N3

N S

NBoc



70 
 

 
Alkyne intermediate  (3b): To compound 3a (22 mg, 0.0594 mmol) and linker (22 mg, 

0.0713 mmol) in DMF (1 mL) was added a solution of sodium ascorbate (11.8 mg, 0.0594 

mmol) and CuSO4·5H2O (7.4 mg, 0.0297 mmol) in H2O (1 mL). The reaction mixture was 

stirred overnight (16.5 hr) before being concentrated and co-evaporated with a 1/1 

toluene/iPrOH solution (2´). The residue was dried under vacuum for 2 hr. To the residue 

was added HBTU (29 mg, 0.0772 mmol) and propargylamine (5 µL, 0.0772 mmol). The 

reaction vessel was flushed with argon then anhydrous DMF (1 mL) and DIPEA (21 µL, 

0.1188 mmol) were sequentially added. The reaction mixture was stirred overnight (15 hr) 

before being concentrated and co-evaporated with toluene (3´). The resulting residue was 

purified by CombiFlash (dry load, 4 g RediSep Gold Column, 18 mL/min) using a gradient 

of 1/0/0®4/3/1 EtOAc/MeOH/H2O with 2% Et3N to give crude product. The crude product 

was then purified by HPLC (XDB C18 semiprep column) to afford the alkyne intermediate 

3b (11.0 mg, 31%) as a clear viscous oil. Rf = 0.46 (6/3/1 EtOAc/MeOH/H2O + 2% Et3N); 
1H NMR (600 MHz, CD3OD): δ 7.95 (s, 1H, ArH), 6.27 (d, 1H, J = 6.1 Hz, H-1), 4.79 (d, 

1H, J = 14.0 Hz, H-6), 4.63 (s, 2H, ArtriazoleCH2O), 4.54 (dd, 1H, J = 14.4, 8.0 Hz, H-6’), 

4.10 (d, 1H, J = 5.8 Hz, H-2), 4.00 (br s, 1H, H-3), 3.96 (s, 2H, NHCH2Cq), 3.88 (app t, 1H, 

J = 8.1 Hz, H-5), 3.71 (t, 2H, J = 6.2 Hz, COCH2CH2O), 3.68–3.52 (m, 16H, 8 ´ OCH2), 

3.43 (dd, 1H, J = 9.4, 4.2 Hz, H-4), 3.31–3.24 (m, 2H, NHCH2CH3), 2.58 (br. s, 1H, CqCH), 

2.45 (t, 2H, J = 6.1 Hz, COCH2CH2O), 1.15 (t, 3H, J = 7.2 Hz, CH2CH3); 13C NMR (151 

MHz, CD3OD): δ 172.2 (C=O), 162.2 (C=N), 144.4 (Artriazole), 124.8 (Artriazole), 88.5 (C1), 

79.3 (CqCH), 73.7 (C3), 73.3 (C2), 72.9 (C5), 70.9 (OCH2), 70.8 (C4), 70.2 (OCH2), 70.1 

(OCH2), 70.0 (2´, OCH2, OCH2), 69.3 (OCH2), 66.7 (COCH2CH2O), 63.5 (ArtriazoleCH2O), 

51.4 (C6), 38.5 (NHCH2CH3), 36.0 (COCH2CH2), 28.0 (NHCH2Cq), 13.3 (CH2CH3); HRMS 
(ESI) m/z (M+Na)+ Calc. for C26H42N6NaO9S: 637.2626, found 637.2630. 
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Probe 3  (TMG-6Ntrz-Biotin): To the alkyne intermediate 3b (10.4 mg, 0.0169 mmol) and 

biotin-azide (14.0 mg, 0.0203 mmol) in DMF (750 µL) was added a solution of sodium 

ascorbate (3.4 mg, 0.0169 mmol) and CuSO4·5H2O (2.1 mg, 0.0085 mmol) in H2O (500 

µL). The reaction mixture was stirred overnight (17 hr) at room temp. The mixture was 

concentrated and co-evaporated with a 1/1 toluene/iPrOH solution (3×), then dried under 

vacuum for 1 hr. The resulting residue was purified by HPLC (XDB C18 semi-prep column) 

to give the final Probe 3 (9.7 mg, 44%) as a colorless oil. Rf = 0.18 (6/3/1 

EtOAc/MeOH/H2O + 2% Et3N); 1H NMR (600 MHz, CD3OD): δ 7.98 (s, 1H, ArH), 7.90 (s, 

1H, ArH), 6.57 (d, 1H, J = 6.6 Hz, H-1), 4.86 (under D2O, 1H, H-6), 4.68 (dd, 1H, J = 7.4 

Hz, H-6’), 4.63 (s, 2H, ArCH2OL1), 4.49 (ddd, 1H, J = 7.9, 5.0, 1.0 Hz, CHNbiotin), 4.45 (s, 

2H, CONHCH2ArL1), 4.42 (t, 2H, J = 7.0 Hz, NArCH2CH2CH2(L2)), 4.31 (dd, 1H, J = 7.9, 4.5 

Hz, CHNbiotin), 4.21 (dd, 1H, J = 6.6, 6.6 Hz, H-2), 4.04 (ddd, 1H, J = 9.5, 7.3, 2.5 Hz, H-

5), 3.94 (dd, 1H, J = 6.4, 6.4 Hz, H-3), 3.74 (t, 2H, J = 6.1 Hz, OCH2CH2COL1), 3.66–3.57 

(m, 22H, 11 ´ OCH2), 3.58–3.55 (m, 4H, OCH2, OCH2), 3.45 (dd, 1H, J = 9.3, 6.2 Hz, H-

4), 3.42–3.34 (m, 6H, SCH2CH2NHCOL2, NCH2CH3, OCH2CH2NHCOL2), 3.24–3.17 (m, 

3H, CH2CH2CH2NHCOL2, CHSbiotin), 2.99–2.89 (m, 5H, CH2SL2, SCH2(L2), CH2Sbiotin), 2.70 

(d, 1H, J = 12.7 Hz, CH2Sbiotin’), 2.64 (t, 2H, J = 7.1, COCH2CH2OL2), 2.63 (t, 2H, J = 7.0 

Hz, NHCOCH2CH2S), 2.48 (t, 2H, J = 6.0 Hz, CH2CONL1), 2.24 (t, 2H, J = 7.3 Hz, 

NCOCH2(biotin)), 2.09 (p, 2H, J = 6.9 Hz, NCH2CH2CH2N), 1.79–1.55 (m, 4H, CH2(biotin), 

CH2(biotin)), 1.48–1.41 (m, 2H, CH2(biotin)), 1.27 (t, 3H, J = 7.3 Hz, NCH2CH3); 13C NMR (151 

MHz, CD3OD): δ 174.7,172.4, 172.3, 168.2, 164.7, 86.2, 74.0, 72.6, 70.2 (4´), 70.1 (3´), 

70.0, 69.9, 69.8 (2´), 69.4, 69.2 (2´), 69.1, 66.8, 63.7, 63.6, 62.0, 60.2, 55.6, 50.7, 39.7, 

39.6, 39.1, 39.0, 36.1, 35.4, 35.0 (2´), 34.4, 33.7, 33.6, 29.7, 28.4, 28.1, 25.4, 12.1; HRMS 
(ESI) m/z (M+2H)+2 Calc. for C53H92N14O16S4: 654.2850, found 654.2829 
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Development of Probe 4  (AIC-N-Trz-Biotin) 

 

 
Compound (4a)  (AIC-N-Trz): Provided by collaborators: Johannes Lehmann, Robert A. 

Britton from Simon Fraser University, Department of Chemistry. 

 
Alkyne intermediate  (4b):To compound 4a (5.0 mg, 0.00634 mmol), HTBU (3.4 

mg, 0.00888 mmol), and linker (2.5 mg, 0.00824 mmol) in DMF (500 µL) under argon was 

added DIPEA (4.4 µL, 0.02536 mmol). The reaction mixture was stirred overnight (19 hr) 

at room temp. The reaction mixture was concentrated and co-evaporated with toluene 

(2´). The resulting residue was purified roughly by CombiFlash (dry load, 4 g RediSep 

Gold Column, 18 mL/min) using a gradient of 1/0/0®6/3/1 EtOAc/MeOH/H2O with 2% 

Et3N to give crude product. The crude product was then purified by HPLC (XDB C18 

semiprep column) to give the alkyne intermediate 4b (2.3 mg, 50%) as a clear viscous oil. 

Rf = 0.66 (6/3/1 EtOAc/MeOH/H2O + 2% Et3N); 1H NMR (600 MHz, CD3OD): δ 8.35 (s, 

1H, ArH), 7.78 (d, 1H, J = 8.5 Hz, ArH, ArH), 7.48 (d, 2H, J = 6.6 Hz, ArH, ArH), 4.19 (d, 

2H, J = 2.4 Hz, OCH2Cqalkyne), 4.16–3.84 (m, 4H, 3 ´ OCHsugar, NCHsugar), 3.71 (t, 2H, J = 

6.1 Hz, COCH2CH2O), 3.69–3.57 (m, 19H, 8 ´ OCH2, NCH3), 3.49 (t, 2H, J = 7.1 Hz, 

CH2OHsugar), 3.39–3.34 (m, 2H, CH2CH2Ar), 2.97–2.85 (m, 5H, NCH2CH2CH2, 

ArCH2CH2NH, CqCHalkyne), 2.75 (d, 2H, J = 14.3 Hz, NHCOCH2(sugar)), 2.43 (t, 2H, J = 6.0 

Hz, COCH2CH2O), 1.91–1.84 (m, 4H, NCH2CH2CH2, CH2CH2CH2Ar); 13C NMR (151 MHz, 

CD3OD): δ 172.7, 140.5, 135.4, 130.0, 130.0, 120.2, 120.1, 120.0, 79.2, 74.6, 70.1 (3´),  

70.0, 69.9 (2´), 68.7, 66.8, 57.6, 40.3, 36.3, 34.6; HRMS (ESI) m/z (M+NH4+H)+2 Calc. for 

C36H61N7O10: 375.7240, found 375.7229. 
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Probe 4  (AIC-N-Trz-Biotin): To the alkyne intermediate 4b (2.2 mg, 0.0030 mmol) and 

biotin-azide (2.5 mg, 0.0036 mmol) in DMF (750 µL) was added a solution of sodium 

ascorbate (0.6 mg, 0.0030 mmol) and CuSO4·5H2O (0.4 mg, 0.0015 mmol) in H2O (500 

µL). The reaction mixture was stirred overnight (16.5 hr) at room temp. The mixture was 

concentrated and co-evaporated with a 1/1 toluene/iPrOH solution (3×), then dried under 

vacuum for 1 hr. The resulting residue was purified by HPLC (XDB C18 semi-prep column) 

to give the final Probe 4 (2.2 mg, 51%) as a colorless oil. Rf = 0.50 (6/3/1 

EtOAc/MeOH/H2O + 2% Et3N); 1H NMR (600 MHz, CD3OD) δ 8.36 (s, 1H, ArH), 8.02 (s, 

1H, ArH), 7.82–7.75 (m, 2H, ArH), 7.51–7.44 (m, 2H, ArH), 4.63 (s, 2H, OCH2ArL1), 4.51 

(dd, 1H, J = 7.9, 4.8 Hz, CHNbiotin), 4.46 (t, 2H, J = 7.0 Hz, NArCH2CH2CH2(L2)), 4.32 (dd, 

1H, J = 7.9, 4.4 Hz, CHNbiotin), 4.27–3.83 (m, 4H, 3 ´ OCHsugar, NCHsugar), 3.70 (t, 2H, J = 

6.0 Hz, OCH2CH2COL1), 3.69–3.53 (m, 31H, 14 ´ OCH2, NCH3), 3.49 (t, 2H, J = 7.1 Hz, 

CH2OHsugar), 3.40–3.36 (m, 6H, CH2CH2Ar, SCH2CH2NHCOL2, OCH2CH2NHCOL2), 3.25–

3.20 (m, 3H, CH2CH2CH2NHCOL2, CHSbiotin), 3.00–2.87 (m, 9H, CH2SL2, SCH2(L2), 

CH2Sbiotin, NCH2CH2CH2, CH2CH2NHL1), 2.75 (d, 2H, J = 14.2 Hz, CH2NHsugar), 2.72 (d, 

1H, J = 12.8 Hz, CH2Sbiotin), 2.64 (t, 2H, J = 7.1, COCH2CH2OL2), 2.63 (t, 2H, J = 7.0 Hz, 

NHCOCH2CH2S), 2.43 (t, 2H, J = 6.0 Hz, COCH2CH2OL1), 2.24 (t, 2H, J = 7.4 Hz, 

NCOCH2(biotin)), 2.12 (p, 2H, J = 6.8 Hz, NCH2CH2CH2N), 1.89–1.84 (m, 4H, NCH2CH2CH2, 

CH2CH2CH2Ar), 1.80–1.55 (m, 4H, CH2(biotin), CH2(biotin)), 1.49–1.43 (m, 2H, CH2(biotin)); 13C 
NMR (151 MHz, CD3OD): δ 174.7, 172.7, 172.5, 172.3, 171.6, 164.8, 130.1, 124.0, 120.3, 

120.0 (2´), 70.2, 70.1 (2´), 70.0, 69.9, 69.8 (2´), 69.4, 69.2, 69.1, 66.8, 63.6, 62.0, 60.2, 

55.6, 48.4, 48.2, 40.2, 39.7, 39.1, 38.9, 36.3, 36.0, 35.3, 35.0 (2´), 34.6, 33.7, 33.6, 31.7, 

29.7, 29.3, 29.1, 28.4, 28.1, 25.5, 24.0, 22.4, 20.6, 13.0; HRMS (ESI) m/z (M+H)+2 Calc. 

for C63H106N14O17S3: 713.3506, found 713.3499. 
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Chapter 3. Proteomics studies 

Attributions to collaborators: I had performed the pull-down experiments and prepared 

of the sample for mass spectrometry proteomics analysis. Nikolay Stoynov processed the 

samples on the instrument, and aided with the PTM data analysis. Dr. Greg Stacey had 

performed the bioinformatics analysis with support from Dr. Leonard Foster. 

 

3.1. Identifying interacting partners of OGA 

3.1.1. OGA pull-down experiments using each probe replicate 

The final optimization experiment allowed determination of the optimal probe-to-

bead ratio and the corresponding optimal probe concentration (128 nM) for achieving 

maximum enrichment of OGA. Pull-down experiments were then performed in accordance 

with this, using each of the four probes with the experiment performed in the same manner, 

as previously described (Experimental section 2.5.2 iii), but using higher concentration of 

Thiamet-G (1 mM). Each of these respective pull-down experiments were performed and 

results were then visualized by both immunoblot and by Coomassie stain gel (Figure 3.1 

and 3.2). 
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Figure 3.1. Immunoblot of pull-down experiments for each probe replicate. 
Anti-OGA immunoblot of input, supernatant, wash, and elution of pull-down experiments for each 
probe replicate, stacked and labeled on the left accordingly. Performed in the presence (+) or 
absence (-) of competing inhibitor Thiamet-G (1 mM). Input is the pre-treated clarified lysate, 
supernatant is the supernatant following addition of the probe and SA pull-down. Note that an empty 
lane follows the wash samples, and is followed by the elution and, finally the remaining sample with 
SA beads that are boiled to elute all remaining. 
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Figure 3.2. Coomasie stained SDS-PAGE of pull-down experiments for each 

probe replicate. 
Elution samples of pull-down experiment for each probe replicate, labeled accordingly. Performed 
in the presence (+) or absence (-) of competing inhibitor Thiamet-G (1 mM). Red arrows indicate 
band corresponding to enriched OGA at 130 kDa. 

These results illustrate the capture efficiency of each of the probes used. From 

examination of the immunoblots, we can see that each probe can enrich OGA using the 

established pull-down protocol (Figure 3.1). Each of the probes had, however, displayed 

a difference in the level of enrichment of OGA. By observing the band intensity of OGA at 

130 kDa on the Coomassie stained gel (Figure 3.2), a clear difference in the level of 

enrichment of OGA among the probes was observed. Probe 1 and Probe 2 displayed the 

greatest enrichment of OGA, whereas Probe 3 was less efficient, and Probe 4 displayed 

the least enrichment of OGA. Nevertheless, each of the probes displayed a distinct visible 

band at 130 kDa that corresponds with the expected molecular weight of OGA and in the 

same position, as seen in the immunoblots. Given these replicates showed enrichment of 

OGA, readily detected by Coomassie staining, we judged use of the protocols appropriate 

for the identification of OGA interacting partners.  
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3.1.2. Protein ID data from OGA interacting partners identified in pull-
down experiments using four probes 

Following data collection, statistical processing, and subtraction of non-specific 

binders identified using competition with Thiamet-G; the candidate OGA interacting 

proteins identified for each respective probe replicate were compiled [see Appendix Table 

A.2]. The data from these probe replicates revealed 150 candidate OGA interacting 

partners. As noted, these data were analyzed using an enrichment threshold to maximize 

the number of enriched GO terms. The statistically significant proteins were selected by 

those which were greater in the absence of competing inhibitor; than with the control, in 

the presence of competing inhibitor. The enrichment threshold was established by varying 

the LFQ difference threshold and counting the GO term hits that were enriched, and chose 

the value of 500,000 LFQ difference threshold, that gave the maximum number of 

enriched GO terms [see Appendix Figure A.3]. 

This was done to ensure only the confident proteins hits were included in the final 

list. Using Probe 1 we identified 51 protein interactors, Probe 2 identified 59 protein 

interactors, Probe 3 yielded 48 protein interactors, and Probe 4 resulted in 52 protein 

interactors of OGA respectively. These data and the corresponding intersections between 

each data set are displayed in a matrix form. Each region is coloured to indicate data 

obtained using each probe and, additionally, the number of proteins identified using each 

probe is represented with the area of the circles, shown below in Figure 3.3.   
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Figure 3.3. Colour coded globular Venn representation of the number of high 

confidence OGA interactors identified using each probe.  
Overlapping regions illustrate the intersection of common interactors for each combination of 
probes. Top candidates are defined as those proteins identified in eluates from at least three probes 
(17 proteins plus OGA). Secondary candidates are those high confidence proteins appearing in 
eluates from two probes (25 proteins). 
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Table 3.1. List of top candidate protein interactors from intersection of at least three probes. 
 

Protein Names Gene Name Protein IDs Probe 1 Probe 2 Probe 3 Probe 4 Previously 
Annotated 

1 O-GlcNAcase | OGA OGA/MGEA5/H
EXC E1BQ16 ✓ ✓ ✓ ✓ 

 
2 14-3-3 protein epsilon (14-3-3E) YWHAE P62261 ✓  ✓ ✓  
3 Acetyl-CoA carboxylase 1 (ACC1) ACACA E1BGH6 ✓  ✓ ✓  
4 AP-2 complex subunit alpha AP2A1 A0A3Q1LVF9 ✓ ✓  ✓  
5 AP-2 complex subunit beta (AP105B) 

(Adaptor protein complex AP-2 subunit 
beta) (Beta-2-adaptin) 

AP2B1 P63009 ✓ ✓ 
 

✓ 
 

6 COP9 signalosome subunit 8 (COPS8 
protein) COPS8 A4FV74 ✓ ✓ ✓ 

  
7 D-3-phosphoglycerate dehydrogenase (3-

PGDH)  PHGDH Q5EAD2 ✓ ✓ ✓ 
  

8 Dynamin-1  DYN1 Q08DF4 ✓ ✓ ✓   
9 Dynein cytoplasmic 1 heavy chain 1 DYNC1H1 E1BDX8 ✓  ✓ ✓  
10 Heat shock protein HSP 90-alpha  HSP90AA1 Q76LV2  ✓ ✓ ✓ ✓41 
11 Microtubule associated protein 1B | 

MAP1B protein (Fragment) MAP1B A0A3Q1MTY6 ✓ ✓ ✓ ✓ ✓41 
12 Microtubule associated protein RP/EB 

family member 3  MAPRE3 Q0VC55 ✓ 
 

✓ ✓ 
 

13 SH3 domain containing GRB2 like 2, 
Endophilin A1 SH3GL2 Q08DX1 ✓ ✓ ✓ 

  
14 AP 180 | SNAP91 protein | ENTH domain-

containing protein SNAP91 A7Z073 ✓ ✓ ✓ 
  

15 Talin 1 | TLN1 protein (Fragment) TLN1 A0A3Q1MLQ7 ✓ ✓ ✓   
16 Talin 2 | TLN2 protein (Fragment) TLN2 F1MQI1 ✓ ✓ ✓   
17 Toll-interacting protein TOLLIP Q2LGB5 ✓ ✓ ✓   
18 Tubulin alpha chain TUBA1A F2Z4C1 ✓ ✓  ✓ ✓41 
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Because this matrix reveals the identities of interacting proteins common to each 

probe eluate, this information can be used to identify top priority, and high confidence 

interactors. Looking into the data at the overlap between all four of the probes, only two 

proteins were identified including OGA and microtubule associated protein 1B. 

Comparison of the obtained proteins identified from the resulting eluates of at least three 

distinct probes, interestingly enough, generated a list of 17 protein interactors of OGA. 

These can be considered bona fide interactors or members of complexes containing OGA 

as these were consistently seen when OGA was enriched. Finally, we defined high 

confidence likely interactors as those appearing in eluates obtained during experiments, 

using at least two probes, which includes 26 proteins. 

Notably, several of the identified OGA interactors were cross-annotated as 

candidate interactors in a previous study done by the Zachara group. Their study used the 

Bio-ID method to identify putative OGA interactors by proximity and also compared 

changes within these interactions under oxidative stress conditions. They identified 90 

proteins displaying stress-dependent proximity to OGA and subsequently co-

immunoprecipitated several proteins to confirm interactions. This included FAS, filamin-A, 

HSC70, and OGT. Of these proteins, FAS and HSC70 were also identified from our list of 

candidate interactors. Some of the proteins identified in both our studies, and that of 

Groves et al., include proteins annotated in Table 3.1. Interestingly, there appears to be 

bias toward cytoskeletal proteins as well as stress response factors seen in both data sets. 

Due to this, I reason that OGA may be interacting with structural and cytoskeletal proteins 

associated with vesicles and cargo transport systems and additionally, OGA may regulate, 

in part, these processes via dynamic O-GlcNAcylation in combination with other PTMs. 

Notably, glycosylation is known to play important roles in trafficking of vesicles 

between organelles in the cell155–157. PTMs generally play vital roles in vesicular trafficking, 

including, among many other regulatory proteins, the multiprotein coatomer COPII, which 

controls transport between the ER and Golgi apparatus158–160. Recently, there has been 

evidence that O-GlcNAc plays a part in regulation of the anterograde trafficking from the 

Golgi to ER, and that O-GlcNAcylation of the COPII multiprotein complex, regulates cargo 

trafficking by mediation of COPII components161,162. This observation was confirmed by 

monitoring a defect of collagen trafficking in zebrafish where specific O-GlcNAc sites of 

the Sec24 component of COPII were mutated to eliminate the possibility of O-

GlcNAcylation (S/T → A)163,164. Another COPI coatomer complex, is involved in the 
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retrograde transport of cargo from the Golgi apparatus to the ER, and in a recent study it 

was found to be O-GlcNAc modified. 11 O-GlcNAc sites were identified on the COPI-

gamma subunit, which is an essential component of the COPI complex, and it was found 

that the modification state contributes to Golgi protein trafficking165.  

Vesicular transport also requires the proteins that form the cytoskeleton, onto 

which these vesicles and organelles dock. Recently, the down-regulation of OGT has been 

shown to affect cell-shape of the human fetal colon cell line166. O-GlcNAcylation of 

structural and cytoskeletal proteins has been known for a long time but has not been the 

subject of much functional study. Nevertheless, increasing evidence supports the O-

GlcNAc modification of tubulin, actin, and many other cytoskeleton proteins167–170. It seems 

reasonable to hypothesize that O-GlcNAcylation of these proteins may affect vesicular 

trafficking, or alternatively, that the O-GlcNAc processing enzymes may be involved in 

controlling transport through interaction with some of these proteins. 

In this regard, it is interesting our data set of OGA interactors shows observation 

of several structural proteins including actin, tubulin, keratin, along with several proteins 

normally associated with these proteins. Perhaps OGA acts as a regulatory factor for 

vesicular transport and in Golgi trafficking since proteins involved in these processes are 

O-GlcNAc modified and are known to have their function regulated by O-GlcNAc. 

Consistent with this hypothesis, we found that several of the proteins, from the top 

priority group of 17 interactors, are involved in vesicle transport and endocytic pathways. 

One of these factors include AP-2 complex subunit beta, which is a component of the AP-

2 that functions as part of transport vesicles and is also involved in clathrin-coated 

endocytosis171–173. Another factor, SH3 GBP2/Endophilin A1, is involved in endocytic 

trafficking and signaling from early endosomes as well as in recruiting other proteins to 

membranes174,175. Dynein and dynamin are both involved in microtubule transport of 

vesicles and organelles176. Dyneins are motor proteins for intracellular retrograde motility 

of vesicles, and dynamin is the force producing protein that propels cargo along 

microtubule in a GTP dependent manner177,178. Talin 1 and 2 are high-molecular weight 

proteins involved in cytoskeletal integrity and play a major role in cell and focal 

adhesion179,180. Finally, AP 180/SNAP91 is an adaptin protein, which mediates the 

formation of vesicles in trafficking and secretion, and this class of proteins is part of the 
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clathrin assembly complex181,182. And interestingly, show sequence similarity to the COPI 

subunits183. 

These identified interactors are accordingly intriguing and suggest OGA itself may 

play a role in vesicle transport and trafficking. Notably, OGT inhibitors and knockdown 

have often been used to implicate O-GlcNAc in the trafficking process noted above156. 

However, one of the effects of blocking OGT is a decrease in OGA levels11. Accordingly, 

it may be that the effects seen when inhibiting OGT stem, in part, from decreased OGA 

levels and consequent effects on OGA binding partners. Indeed, it is interesting that most 

of the proteins identified from the top priority interactor list are related to the clathrin coated 

assembly and endo- and exocytotic pathway, and additionally, in trafficking and vesicle 

transport. These proteins are known to be O-GlcNAc modified but have not directly been 

implicated to be in association with OGA. I hypothesize that in the brain, OGA may play 

important roles in protein complexes that mediate clathrin coated assembly and endo- and 

exocytosis. Such protein complexes may either guide OGA to mediate its catalytic 

hydrolysis in different subcellular locations, or may regulate the phosphorylation state of 

other PTMs on various proteins involved in transport.   

Among other proteins identified is HSP90 in the top priority list; and several other 

HSPs in the secondary high confidence and tertiary lists including HSP90B, HSC70, 

HSP70 (member 6), HSP70 (member 12); but also other molecular chaperones and 

stress-response factors such as stress-induced phosphoprotein 1 (HSC70/HSP90 

organizing protein), alpha-crystallin B chain, and T-complex protein subunits alpha; beta; 

and delta. HSP90 is an integral chaperone protein that aids in regulating the stability and 

folding of specific target proteins. This chaperone induces a conformational change in 

client proteins during this folding that is mediated in an energy driven manner by the 

hydrolysis of ATP184–186. HSP90 and other heat shock proteins have been previously 

annotated as OGA interactors3,41 and we can speculate that these proteins may be 

involved in guiding OGA to its protein targets. Further, HSPs may aid in partially unfolding 

structured regions to allow OGA to more readily access O-GlcNAc sites on polypeptides. 

These collectively present a range of new leads that can be followed to help solve the 

mechanism by which OGA regulates cellular functions, and highlights potential new roles 

of OGA in different protein complexes. 
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3.2. PTM mapping of OGA 

Given these methods, developed by myself, enable obtaining endogenous OGA 

from tissues. These tools were applied to detect endogenous PTMs found on OGA from 

bovine brain tissue. The high amounts of OGA that can be obtained, as seen by the 

intense band on the Coomassie stain gels (Figure 3.2), supports the feasibility of such 

experiments. Given that Probe 2 worked well, we selected this tool for the pull-down 

experiment required to enable site specific mapping of PTMs to OGA. 

3.2.1. Data from site mapping of PTMs on OGA 

The data obtained in the PTM mapping experiments, using OGA pulled down from 

brains, was processed using the PEAKS software (for search parameters, see 

Experimental section 2.5.6). This search identified 453 peptides of OGA and yielded a 

protein sequence coverage of 69%, which was comprised of 82 unique peptides. Table 

3.2. gives a summary of the set of identified PTMs on OGA. The sequence coverage data, 

including the identified PTMs on each peptide, are displayed in Figure 3.4 and are 

arranged with the sequenced peptides stacked underneath the OGA protein sequence. 

Additionally, the respective modifications are annotated by a symbol at each 

corresponding modification site. 
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Figure 3.4. Sequenced pepetides of OGA with mapped modifications.  
Above table is a legend of nodes representing individual modifications on OGA sequenced 
peptides; a.a site and mass of modification are in parenthesis. Lower images are of protein 
coverage represented by peptide sequence identification. Respective modifications illustrated by a 
node at a.a position of modification. 
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Table 3.2. PTM profile of select protein modifications identified by PEAKS software. 
 Peptide Modification ∆Mass Site Relative 

Abundance 
A Score  Other Modifications on 

peptide 
1 K.LENEGS(+79.97)DEDIETDVLYSPQM(+1

5.99)ALK.L 
Phosphorylation (STY) 79.97 S364 4.80E+02 22.09 Oxidation (M) 

2 K.LENEGS(+79.97)DEDIETDVLYSPQMAL
K.L 

Phosphorylation (STY) 79.97 S364 1.26E+03 19.69 
 

3 K.LENEGSDEDIETDVLYS(+79.97)PQMAL
K.L 

Phosphorylation (STY) 79.97 S375 5.14E+02 14.02 
 

4 R.ANSSVVS(+79.97)VNC(+57.02)K.G Phosphorylation (STY) 79.97 S593 0 47.09 Carbamidomethylation 
(C) 

5 R.K(+27.99)LDQVSQFGC(+57.02)R.S Formylation (KR) 27.99 K154 2.32E+03 1000 Carbamidomethylation 
(C) 

6 K.LLPGIEVLWTGPK(+27.99).V Formylation (KR) 27.99 K252 9.86E+02 69.38 
 

7 K.EIPVESIEEVSK(+27.99)IIK.R Formylation (KR) 27.99 K257 9.48E+02 13.38 
 

8 K.VVSK(+27.99)EIPVESIEEVSK.I Formylation (KR) 27.99 K257 3.01E+03 47.09 
 

9 K.EIPVESIEEVSK(+27.99).I Formylation (KR) 27.99 K257 2.92E+03 81.94 
 

10 K.M(+15.99)AEELKPMDTDKESIAESK(+27.
99).S 

Formylation (KR) 27.99 K510 7.39E+02 21.15 Oxidation (M) 

11 R.LLPIDGANDLFFQ(+.98)PPPLTPTSK(+2
7.99).V 

Formylation (KR) 27.99 K713 0 86.42 Deamidation (NQ) 

12 R.LLPIDGANDLFFQPPPLTPTSK(+27.99).
V 

Formylation (KR) 27.99 K722 1.50E+03 107.15 
 

13 K.K(+27.99)VTDPSVAK.S Formylation (KR) 27.99 K850 2.08E+03 64 
 

14 M.VQKESQAALEER(+14.02).E Methylation (KR) 14.02 R13 1.25E+03 105.42 
 

15 K.ESQAALEER(+14.02).E Methylation (KR) 14.02 R13 2.60E+03 1000 
 

16 K.RKLDQVSQFGC(+57.02)R(+14.02).S Methylation (KR) 14.02 R167 5.29E+02 67.73 Carbamidomethylation 
(C) 

17 K.LDQVSQFGC(+57.02)R(+14.02).S Methylation (KR) 14.02 R167 2.24E+03 1000 Carbamidomethylation 
(C)  

18 R.KLDQVSQFGC(+57.02)R(+14.02).S Methylation (KR) 14.02 R167 3.40E+03 128.04 Carbamidomethylation 
(C) 
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 Peptide Modification ∆Mass Site Relative 
Abundance 

A Score  Other Modifications on 
peptide 

19 K.LLPGIEVLW(+31.99)TGPK(+14.02).V Methylation (KR) 14.02 K253 6.86E+02 1000 Dihydroxy (FKPRWY)  
20 K.VVSK(+14.02)EIPVESIEEVSK.I Methylation (KR) 14.02 K257 1.83E+03 85.25 

 

21 K.EIPVESIEEVSK(+14.02)IIK.R Methylation (KR) 14.02 K269 0 20.7 
 

22 K.Q(-17.03)EETDHK(+14.02) 
NDNQILTEIVEAK.M 

Methylation (KR) 14.02 K477 1.64E+03 82.05 Pyro-glu (Q) 

23 K.QEETDHK(+14.02)NDNQILTEIVEAK.M Methylation (KR) 14.02 K488 1.35E+03 51.56 
 

24 K.MAEELK(+14.02)PMD(-
18.01)TDKESIAESK.S 

Methylation (KR) 14.02 K497 5.70E+02 36.87 
 

25 K.M(+15.99)AEELKPMDTDKESIAESK(+14.
02).S 

Methylation (KR) 14.02 K497 1.17E+03 23.64 Oxidation (M) 

26 K.M(+15.99)AEELKPMDTDK(+14.02)ESIA
ESK.S 

Methylation (KR) 14.02 K503 0 16.36 
 

27 K.MAEELK(+14.02)PMDT(-
18.01)DKESIAESK.S 

Methylation (KR) 14.02 K510 5.70E+02 18.01 Dehydration (T) 

28 K.MAEELKPMDTDKESIAESK(+14.02).S Methylation (KR) 14.02 K510 8.25E+02 26.08 
 

29 K.SPEM(+15.99)SMQEDC(+57.02)ISDIAP
MQ(+.98)TDEQTNK(+14.02).E 

Methylation (KR) 14.02 K535 0 1000 Oxidation (M); 
Carbamidomethylation 
(C); Deamidation (NQ) 

30 R.ANSSVVSVNC(+57.02)K(+14.02).G Methylation (KR) 14.02 K597 2.53E+04 1000 Carbamidomethylation 
(C) 

31 R.ANSSVVSVN(+.98)C(+57.02)K(+14.02)G
K.D  

Methylation (KR) 14.02 K597 5.86E+02 5.03 Deamidation (NQ) 

32 R.ANSSVVSVN(+.98)C(+57.02)K(+14.02).
G 

Methylation (KR) 14.02 K597 1.17E+04 1000 Deamidation (NQ) 

33 R.AN(+.98)SSVVSVNC(+57.02)K(+14.02).
G 

Methylation (KR) 14.02 K597 2.16E+03 1000 Deamidation (NQ) 

34 R.ANSSVVSVNC(+57.02)K(+14.02)GK.D Methylation (KR) 14.02 K597 0 0 Carbamidomethylation 
(C) 

35 K.SFVQWLGC(+57.02)R(+14.02).S Methylation (KR) 14.02 R664 2.29E+03 1000 Carbamidomethylation 
(C) 

36 K.ESQAALE(+14.02)ER.E Methylation (others) 14.02 E11 2.68E+03 8.69 
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 Peptide Modification ∆Mass Site Relative 
Abundance 

A Score  Other Modifications on 
peptide 

37 M.VQKESQAALE(+14.02)ER.E Methylation (others) 14.02 E11 7.52E+02 17.01 
 

38 K.EIPVE(+14.02)SIEEVSK.I Methylation (others) 14.02 E262 5.05E+03 17.01 
 

39 K.EIPVESIEE(+14.02)VSK.I Methylation (others) 14.02 E266 3.01E+03 6.59 
 

40 K.LE(+14.02)NEGSDEDIETDVLYSPQMAL
K.L 

Methylation (others) 14.02 E360 4.67E+02 14.04 
 

41 K.LENE(+14.02)GSDEDIETDVLYSPQMAL
K.L 

Methylation (others) 14.02 E362 0 0 
 

42 K.MAEELKPMDTDKE(+14.02)SIAESK.S Methylation (others) 14.02 E504 6.84E+02 11.12 
 

43 K.SPEMSMQED(+14.02)C(+57.02)ISDIAP
MQTDEQTNK.E 

Methylation (others) 14.02 D519 0 0 Carbamidomethylation 
(C) 

Peptide sequences are illustrated by their single letter a.a respetively, and the mass of the modification is in parentheses after the correspoding a.a.  
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Several PTMs were site mapped on OGA using the data above, and ultimately 

generated a total of 2354 PSMs. Some modifications have been previously listed in 

several online databases, however, these are generally done using high-throughput 

proteomics experiments and often examine modifications across the entire proteome. 

Most of these modifications have never been individually validated, as this would require 

a great deal of effort. My strategy is a targeted approach to monitoring the modification 

state of endogenous OGA, which will accordingly produce far more reliable data than high-

throughput, proteome-wide experiments. These high-throughput experiments often have 

a significant number of false positives but, more problematically, a large number of false 

negatives due to very high sample complexity187. Of the O-GlcNAc processing enzymes, 

OGA is particularly understudied, and mapping the PTMs could enable an improved 

understanding of the function, localization, interactions, and regulation of OGA.  

Here, I focus my discussion on PTMs known to be enzymatically installed, since 

these are most likely to be of interest to a wider audience. Phosphorylation is arguably the 

most abundant PTM in the proteome, and is a fundamental modification known to be 

involved in diverse protein regulatory events. Phosphorylation controls signaling by 

mediating protein function, protein-protein interactions, protein degradation, and protein 

folding188–191. This modification occurs on serine and threonine residues, as well as 

tyrosine. Here we have site mapped three residues carrying phosphorylation including 

S364, S375, and S593. The site of phosphorylation on S364 is the only high confidence 

site that was previously reported in several high-throughput experiments5,192–196. The two 

other sites identified are novel phosphorylation sites. Studying their functional roles could 

be insightful if these have potential regulatory functions that might influence OGA 

functions. 

Among the other enzymatic modifications is protein methylation. Methylation is a 

common PTM installed by the large set of methyltransferases. This modification is known 

to modulate protein activity, turnover, as well as protein-protein interactions, and has also 

been implicated in diverse cellular processes197–199. Methylation is commonly observed on 

lysine but also occurs on arginine, histidine, aspartic acid, glutamic acid, cysteine, as well 

as serine and threonine200–202. Here, I have identified a total of 20 sites of methylation on 

OGA, occurring on lysine, arginine, and glutamic acid. The mapped methylation sites are 

as follows, E11, R13, R167, K253, K257, E262, E266, K269, E360, E362, K477, K488, 

K497, K503, E504, K510, D519, K535, K597, and R664 respectively. These are all novel 
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modification sites, since OGA had not previously been reported to be methylated. These 

observations open the door to investigating the potential role of methylation in the 

regulation of OGA. 

Another modification, which is less known, is lysine formylation. This modification 

is installed by PurN GAR and AICAR transformylases. Previously, this modification has 

been studied in histones and was found to compete with acetylation and methylation at 

certain sites of H1 histone protein, leading to disruption of DNA binding203–205. Little is 

known about this modification in the context of regulating enzymes or modulation of non-

histone protein functions. Here I identify seven lysine formylation sites of OGA including 

K154, K252, K257, K510, K713, K722, and K850. This modification has not been 

previously studied on enzymes and may play a similar role to acetylation which is being 

increasingly recognized as mediating cell functions beyond those controlled by 

histones205–207. 

 
Figure 3.5. Select PTMs represented along the linear domain strucutre of OGA, 

with modifications noted at each site.  
Green nodes indicate methylation sites, yellow nodes indicate phosphorylation sites, and blue 
nodes indicate formylation sites, and D413 is the caspase-3-cleavage site. 

Among these modifications, several were observed on more than one peptide, 

suggesting these may be more abundant on OGA. Additionally, some modified peptides 

show greater relative abundance. Based on these considerations, the most significant 

modifications worth pursuing are summarized in Table 3.2, and the site location of each 

modification is illustrated in Figure 3.5 along the linear domain structure of OGA. 
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In summary, this experiment was the first targeted approach toward 

comprehensive mapping of PTMs on a glycoside hydrolase. Through this enrichment 

approach, we were able to isolate and perform mapping of site specific PTMs on OGA. 

Notably, OGA is less studied than its complementary enzyme OGT, which has had several 

PTMs site mapped and the corresponding functions of these explored. Accordingly, these 

data provide an initial step toward gaining insight into how PTMs may regulate function 

and activity of OGA. Further validation of these mapped sites needs to be done, and 

alternative or parallel mapping experiments should be performed to increase the 

confidence in the assignment of these PTMs, to the proposed residues of OGA. 
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Chapter 4. Future work 

4.1. Validation of OGA interacting partners 

We identified 150 candidate OGA interactors from these pull-down experiments 

using the four structurally different probe molecules. These data have been stringently 

filtered to ensure that these protein identifications are made with high confidence. 

Mechanisms contributing to the regulation of OGA are largely unknown and therefore this 

list is useful because it may yield new OGA regulation mechanisms. By using several 

probes, I have been able to generate top priority; as well as second priority and tertiary 

lists of most likely interactors that were pulled-down with OGA using either three, two or 

one, of the probes respectively. Further studies will be needed to confirm these interactors 

and test the proposed hypotheses. A suitable approach would be to perform co-

immunoprecipitation of OGA to confirm interaction of OGA with these factors of interest. 

Following this, experiments should be performed to knockdown or knockout one or more 

of these confirmed protein interactors from cell lines to observe the downstream effects 

on global O-GlcNAc levels. 

Another logical application would be to use this same pull-down strategy in 

different tissues to assess if there are tissue-specific OGA interacting proteins, or whether 

some proteins may be key-regulators that are common among several tissue types. Also, 

it would be interesting to assess co-localization of these proteins with OGA by microscopy 

to determine whether some of these proteins dominantly define the subcellular distinction 

of OGA. These experiments could help define how OGA is regulated within the body.   

4.2. Validation of endogenous PTMs that were site-mapped 
on OGA 

 I also did experiments to map sites of PTMs on OGA from bovine brain tissue. 

From this data readout, I identified 453 peptides from OGA, which include 82 unique 

peptides, and provided sequence coverage of 69%. I mapped 46 different PTMs and 

focused on those regulated by enzymes. Of these, three phosphorylation sites were 

mapped, including two novel sites. I identified 20 sites of methylation and seven sites of 

lysine formylation. None of which had been previously identified on OGA. We hypothesize 



95 
 

that PTMs may have a role in regulating the activity and function of OGA. Accordingly, a 

logical next step will be to test whether these modifications have functions.  

These validation experiments will be done using site-directed mutagenesis. We 

will mutate sites of the modification and transiently transfect cell lines with these mutants 

and wild-type control, to see if the resulting mutant proteins behave differently from wild-

type OGA, and can monitor the effects of eliminating specific modifications. We would 

monitor changes in OGA activity using normal enzyme assays using cell lysates, monitor 

global O-GlcNAc levels, and also see if modifications affect binding to proteins partners 

by performing co-immunoprecipitation experiments with known OGA interactors. We could 

also aim to introduce different stress stimuli conditions, heat shock, cold shock, nutrient 

deprivation, chemical stress, and oxidative stress and monitor the resulting changes in 

PTMs present on OGA, in response to these various conditions. Observing new PTMs or 

differences in the stoichiometry of select PTMs, suggests they might have functional roles. 

Overall this current site-mapping data should aid our understanding of potential 

mechanisms contributing to the regulation of OGA.  
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Appendix   

Table A.1. NanoLink Streptavidin Magnetic Beads binding capacity vs other 
competitive bead of similar size. 

 
TriLink Biotechnologies Streptavidin Magnetic Beads Binding Capacity.  
Available at: https://www.trilinkbiotech.com/nanolink-streptavidin-magnetic-beads-1-0-m.html.  

 

 

 
Figure A.1. Protein titration of recombinant hOGA and bovine brain tissue 

lysate. Lysate was extracted as above Experimental section 2.5.2 i), 
and protein titration was done using recombinant hOGA. 
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Figure A.2. Plot of LFQ difference threshold by number of significatinGO terms 
enriched upon analysis. 

The maximum number of enriched GO terms is observed at an LFQ difference threshold of 
500,000 value. This value was selected for subtracting proteins from list of hits identified in the 
control experiment. 
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Figure A.3. Precursor mass error of peptide-spectrum matches (PSM) in filtered 

result. (a) Distribution of precursor mass error in ppm; (b)Scatterplot 
of precursor m/z versus precursor mass error in ppm. 
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Figure A.4. False discovery rate (FDR) curve.  
X axis is the number of peptide-spectrum matches (PSM) being kept. Y axis is the corresponding 
FDR.  
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Figure A.5. PSM score distribution. (a) Distribution of PEAKS peptide score; (b) 

Scatterplot of PEAKS peptide score versus precursor mass error.  
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Table A2.  List of proteins identified from pull-downs using all four probes.  
 

Protein Names Gene Name Protein IDs Probe 1 Probe 2 Probe 3 Probe 4 Previously 
Annotated 

1 O-GlcNAcase | OGA OGA/MGEA
5/HEXC E1BQ16 ✓ ✓ ✓ ✓ 

 
2 14-3-3 protein epsilon (14-3-3E) YWHAE P62261 ✓  ✓ ✓  
3 Acetyl-CoA carboxylase 1 (ACC1) ACACA E1BGH6 ✓  ✓ ✓  

4 AP-2 complex subunit alpha AP2A1 A0A3Q1LVF
9 ✓ ✓ 

 
✓ 

 

5 
AP-2 complex subunit beta (AP105B) (Adaptor protein 
complex AP-2 subunit beta) (Beta-2-adaptin) AP2B1 P63009 ✓ ✓ 

 
✓ 

 
6 COP9 signalosome subunit 8 (COPS8 protein) COPS8 A4FV74 ✓ ✓ ✓   
7 D-3-phosphoglycerate dehydrogenase (3-PGDH)  PHGDH Q5EAD2 ✓ ✓ ✓   
8 Dynamin-1  DYN1 Q08DF4 ✓ ✓ ✓   
9 Dynein cytoplasmic 1 heavy chain 1 DYNC1H1 E1BDX8 ✓  ✓ ✓  
10 Heat shock protein HSP 90-alpha  HSP90AA1 Q76LV2  ✓ ✓ ✓ ✓41 

11 
Microtubule associated protein 1B | MAP1B protein 
(Fragment) MAP1B A0A3Q1MT

Y6 ✓ ✓ ✓ ✓ ✓41 

12 Microtubule associated protein RP/EB family member 3  MAPRE3 Q0VC55 ✓  ✓ ✓  
13 SH3 domain containing GRB2 like 2, endophilin A1 SH3GL2 Q08DX1 ✓ ✓ ✓   

14 
AP 180 | SNAP91 protein | ENTH domain-containing 
protein SNAP91 A7Z073 ✓ ✓ ✓ 

  

15 Talin 1 | TLN1 protein (Fragment) TLN1 A0A3Q1ML
Q7 ✓ ✓ ✓ 

  
16 Talin 2 | TLN2 protein (Fragment) TLN2 F1MQI1 ✓ ✓ ✓   
17 Toll-interacting protein TOLLIP Q2LGB5 ✓ ✓ ✓   
18 Tubulin alpha chain TUBA1A F2Z4C1 ✓ ✓  ✓ ✓41 

19 
AP-2 complex subunit mu (AP-2 mu chain) (Adaptor-
related protein complex 2 subunit mu)  AP2M1 Q3ZC13 ✓ ✓ 
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Protein Names Gene Name Protein IDs Probe 1 Probe 2 Probe 3 Probe 4 Previously 

Annotated 

20 
Glutathione S-transferase LANCL1 (40 kDa erythrocyte 
membrane protein) (p40) (LanC-like protein 1) LANCL1 F1MVX2 ✓ ✓ 

   
21 Heterogeneous nuclear ribonucleoprotein K (hnRNP K) HNRNPK Q3T0D0 ✓ ✓    
22 Microtubule-associated protein | MAP2 protein  MAP2 F1MEW3 ✓ ✓    

23 
Ras-related protein Rab-3A | Ras-related protein Rab-
3A (SMG P25A) RAB3A E1BNX1 ✓ ✓ 

   
24 Amphiphysin-2 | Bridging integrator 1  BIN1 E1BNG8 ✓  ✓   

25 
MAP2K1 protein (Mitogen-activated protein kinase 
kinase 1) MAP2K1 Q0VD16 ✓ 

 
✓ 

  

26 Spectrin alpha, non-erythrocytic 1  SPTAN1 A0A3Q1LNC
8 ✓ 

 
✓ 

  
27 Spectrin beta chain  SPTBN1 F1MYC9 ✓  ✓   
28 Synaptojanin-1  SYNJ1 F1MC12 ✓  ✓   
29 Beta-hexosaminidase HEXB H7BWW2 ✓   ✓  
30 Beta-hexosaminidase subunit alpha  HEXA Q0V8R6 ✓   ✓  
31 Elongation factor 1-alpha 1 (EF-1-alpha-1)   EF1A1 P68103 ✓   ✓  
32 Dynactin subunit 2  DCTN2 Q3ZCF0  ✓ ✓   

33 Isocitrate dehydrogenase [NAD] subunit, mitochondrial  IDH3A A0A3Q1MLP
3  

✓ ✓ 
  

34 Microtubule associated protein 1A MAP1A A0A3Q1M9Z
4  

✓ ✓ 
  

35 Perilipin PLIN3 Q3SX32  ✓ ✓   
36 RUN and FYVE domain containing 3  RUFY3 E1BNY5  ✓ ✓   

37 
Syntaxin-binding protein 1 (N-Sec1) (Protein unc-18 
homolog 1) (Unc18-1)(Unc-18A) (p67)  STXB1 P61763 

 
✓ ✓ 

  

38 Tankyrase 1 binding protein 1  TNKS1BP1 A0A3Q1N4H
7  

✓ ✓ 
  

39 Target of myb1 like 2 membrane trafficking protein TOM1L2 A0A3Q1N3D
0  

✓ ✓ 
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Protein Names Gene Name Protein IDs Probe 1 Probe 2 Probe 3 Probe 4 Previously 

Annotated 

40 

AP-2 complex subunit sigma (Adaptor protein complex 
AP-2 subunit sigma) (Clathrin assembly protein 2 sigma 
small chain) 

AP2S1 Q17QC5 
 

✓ 
 

✓ 
 

41 
Beta-centractin | Beta-centractin (Actin-related protein 
1B) (ARP1B) ACTR1B G3N132 

 
✓ 

 
✓ 

 
42 Heat shock protein HSP 90-beta  HSP90AB1 Q76LV1  ✓  ✓ ✓41 
43 Mitochondrial fission 1 protein (Fis1 homolog)  FIS1 Q3T0I5  ✓  ✓  
44 Clathrin heavy chain  CLTC F1MPU0   ✓ ✓  

45 
Chloride intracellular channel protein 4 (Intracellular 
chloride ion channel protein p64H1) CLIC4 Q9XSA7 ✓ 

   
✓41 

46 Copine-6 (Copine VI) CPNE6 Q2KHY1 ✓    ✓41 

47 
G3BP stress granule assembly factor 2 (GTPase 
activating protein (SH3 domain) binding protein 2) G3BP2 A0A3Q1MHI

5 ✓ 
    

48 

General vesicular transport factor p115 (Protein USO1 
homolog) (Transcytosis-associated protein) (TAP) 
(Vesicle-docking protein) 

USO1 P41541 ✓ 
    

49 Heat shock cognate 71 kDa protein  HSPA8 P19120 ✓    ✓3,41 
50 Heat shock protein family A (Hsp70) member 6 HSPA6 F1MWU9 ✓    ✓41 
51 Heterogeneous nuclear ribonucleoprotein A3 HNRNPA3 E1BEG2 ✓     
52 Heterogeneous nuclear ribonucleoprotein L HNRNPL E1BIB4 ✓     
53 Heterogeneous nuclear ribonucleoprotein U HNRNPU A2VDN7 ✓     
54 Histidine-rich glycoprotein (HPRG) HRG P33433 ✓     
55 Keratin 18 KRT18 F6S1Q0 ✓     

56 KIAA1671 KIAA1671 A0A3Q1MF
H5 ✓ 

    

57 LIM zinc-binding domain-containing protein N/A A0A3Q1MG
12 ✓ 

    
58 Microtubule-associated protein MAP4 F1N0J2 ✓     
59 Microtubule-associated protein tau MAPT A0A452DJJ9 ✓     
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Protein Names Gene Name Protein IDs Probe 1 Probe 2 Probe 3 Probe 4 Previously 

Annotated 

60 
Myelin basic protein (MBP) (20 kDa microtubule-
stabilizing protein) (Myelin A1 protein) MBP P02687 ✓ 

    

61 
Protein/nucleic acid deglycase DJ-1 (Parkinson disease 
protein 7 homolog) PARK7 Q5E946 ✓ 

    

62 Septin 4 SEPTIN4 A0A3Q1ML
N7 ✓ 

    
63 Synapsin-1  SYN1 F1MCX7 ✓     
64 TFG protein  TFG Q3SX36 ✓     
65 Ubiquitin carboxyl-terminal hydrolase  USP30 F1MSB6 ✓    ✓41 

66 
V-type proton ATPase catalytic subunit A (V-ATPase 
subunit A) ATP6V1A P31404 ✓ 

    
67 14-3-3 protein beta/alpha  YWHAB A0A140T894  ✓    
68 14-3-3 protein gamma YWHAG  A7Z057  ✓    
69 14-3-3 protein zeta/delta  YWHAZ P63103  ✓    
70 Actin related protein 1A ARID1A F2Z4F0  ✓    
71 Catenin alpha-1  CTNNA1 F1MM34  ✓    
72 Ferritin heavy chain (Ferritin H subunit) FTH1 O46414  ✓    
73 Hippocalcin-like protein 4 (Neurocalcin-beta)  HPCAL4 P29104  ✓    
74 Histidine-rich glycoprotein  HRG F1MKS5  ✓    

75 Importin subunit alpha  KPNA3 A0A3Q1MU
S6  

✓ 
   

76 Kelch repeat and BTB domain containing 11 KBTBD11 E1BF13  ✓    
77 Microtubule associated protein 6 MAP6 E1B919  ✓    
78 Neuron-specific calcium-binding protein hippocalcin HPCA Q4PL64  ✓    

79 PDZ domain-containing protein AHNAK2 A0A3Q1LV7
3  

✓ 
   

80 Poly(rC)-binding protein 1 (Alpha-CP1)  PCBP1 Q5E9A3  ✓    
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Protein Names Gene Name Protein IDs Probe 1 Probe 2 Probe 3 Probe 4 Previously 

Annotated 

81 Polypyrimidine tract binding protein 2  PTBP2 A0A3Q1NH4
3  

✓ 
   

82 
Potassium channel tetramerization domain containing 
12 KCTD12 G3N3D4 

 
✓ 

   
83 Protein Hook homolog 3  HOOK3 E1B7Q0  ✓    
84 RAB1A, member RAS oncogene family  RAB1A A1L528  ✓    
85 Ras suppressor protein 1 (Rsu-1) RSU1 Q5E9C0  ✓    

86 
Serine/threonine-protein phosphatase 2A 65 kDa 
regulatory subunit A alpha isoform  PPP2R1A A0A3Q1M1

U2  
✓ 

   

87 
Signal transducing adaptor molecule (SH3 domain and 
ITAM motif) 1 STAM A0A3Q1LUU

3  
✓ 

   

88 
T-complex protein 1 subunit alpha (TCP-1-alpha) (CCT-
alpha) TCP1 G5E531 

 
✓ 

   

89 
T-complex protein 1 subunit beta (TCP-1-beta) (CCT-
beta) CCT2 Q3ZBH0 

 
✓ 

   

90 
T-complex protein 1 subunit delta (TCP-1-delta) (CCT-
delta) CCT4 F1N0E5 

 
✓ 

   
91 Target of myb1 membrane trafficking protein TOM1 Q5BIP4  ✓    
92 14-3-3 protein theta YWHAQ B0JYM5  ✓    

93 
Ubiquitin-60S ribosomal protein L40 (Ubiquitin A-52 
residue ribosomal protein fusion product 1)  

LOC101902
760 

A0A3Q1M4K
3  

✓ 
   

94 Vinculin VCL A0A3Q1MN
97  

✓ 
   

95 Visinin-like protein 1 (Neurocalcin-alpha) VSNL1 P62763  ✓    
96 14-3-3 protein eta  YWHAH P68509   ✓   

97 
2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNP) 
(CNPase) CNP P06623 

  
✓ 

  
98 Actin, cytoplasmic 2 (Gamma-actin)  ACTG P63258   ✓   
99 Alpha-crystallin B chain  CRYAB V6F832   ✓   
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Protein Names Gene Name Protein IDs Probe 1 Probe 2 Probe 3 Probe 4 Previously 

Annotated 
100 Calcium dependent secretion activator  CADPS F1MKZ3   ✓   
101 Cytoplasmic linker associated protein 2 CLASP2 E1BQ15   ✓   
102 Cytoskeleton associated protein 5 CKAP5 E1B7K5   ✓   
103 Geranylgeranyl transferase type-2 subunit beta  RABGGTB Q5E9B3   ✓   

104 Heat shock protein family A (Hsp70) member 12A HSPA12A A0A3Q1M16
6   

✓ 
  

105 
Inactive peptidyl-prolyl cis-trans isomerase FKBP6 
(Inactive PPIase FKBP6)  FKBP6 A6QQ71 

  
✓ 

  
106 IST1 homolog IST1 F1MXJ5   ✓   
107 Leucine zipper transcription factor-like protein 1  LZTL1 Q3ZBL4   ✓  ✓41 
108 Neurochondrin NCDN Q2KJ97   ✓   

109 
Protein CASC1 (Cancer susceptibility candidate gene 1 
protein homolog) CASC1 Q29RU8 

  
✓ 

  

110 Putative tyrosine-protein phosphatase auxilin  DNAJC6 A0A3Q1LZZ
6   

✓ 
  

111 RAB3 GTPase activating protein catalytic subunit 1 RAB3GAP1 A0A3Q1MF
P2   

✓ 
  

112 
Serine/threonine-protein phosphatase 2B catalytic 
subunit alpha isoform (Calcineurin A alpha) PPP3CA P48452 

  
✓ 

  
113 SH3 domain containing GRB2 like 3, endophilin A3  SH3GL3 F1MX23   ✓   

114 Tubulin alpha-1D chain  alpha chain  TBA1D A0A452DJ6
6   

✓ 
  

115 Tubulin beta-3 chain TBB3 Q2T9S0   ✓  ✓41 
116 Fatty acid synthase FASN F1N647    ✓ ✓41 

117 
1-phosphatidylinositol 4,5-bisphosphate 
phosphodiesterase beta-1  PLCB1 P10894 

   
✓ 

 
118 14-3-3 protein sigma (Stratifin)  SFN  Q0VC36    ✓  
119 Actin, alpha cardiac muscle 1 (Alpha-cardiac actin)   ACTC1  Q3ZC07    ✓  
120 AKT1 substrate 1 AKT1S1 F1N197    ✓  
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Protein Names Gene Name Protein IDs Probe 1 Probe 2 Probe 3 Probe 4 Previously 

Annotated 
121 Aldehyde dehydrogenase, mitochondrial ALDH2 P20000    ✓  
122 Alpha-1,4 glucan phosphorylase  PYGM B0JYK6    ✓  

123 Amphiphysin AMPH A0A3S5ZPG
0    

✓ ✓3,41 

124 
Brain-specific angiogenesis inhibitor 1-associated 
protein 2  BAIAP2 Q5EAD0 

   
✓ 

 

125 
Coatomer subunit gamma-1 (Gamma-1-coat protein) 
(Gamma-1-COP) COPG1 A0A140T886 

   
✓ 

 
126 COP9 signalosome subunit 5 COPS5 F1MBP8    ✓  
127 Dynactin subunit 3 DCTN3 Q0P5A1    ✓  
128 EWS RNA binding protein 1 EWSR1 A8E651    ✓  
129 F-actin-capping protein subunit alpha-2 (CapZ alpha-2)  CAZA2 Q5E997    ✓  
130 Ferritin light chain (Ferritin L subunit) F1MMT9 O46415    ✓  

131 
Golgi associated, gamma adaptin ear containing, ARF 
binding protein 3 GGA3 G5E690 

   
✓ 

 
132 IF rod domain-containing protein | KRT86 protein KRT86 E1B898    ✓  
133 Keratin 85 KRT85 Q0VD04    ✓  
134 Keratin associated protein 11-1 KRTAP11-1 Q05B46    ✓  
135 Keratin associated protein 13-1 KRTAP13-1 A1A4M9    ✓  

136 
Mitogen-activated protein kinase 1 (MAP kinase 1) 
(MAPK 1)   MK01 P46196 

   
✓ 

 

137 Nucleosome assembly protein 1-like 4  NP1L4 A0A3Q1M1
N7    

✓ 
 

138 Peroxiredoxin-4 PRDX4 A0A3Q1MAI
4    

✓ 
 

139 Protein disulfide isomerase family A member 6  PDIA6 F6QH94    ✓  

140 
Protein kinase, cAMP-dependent, regulatory, type II, 
beta PRKAR2B B0JYK4 

   
✓ 
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Protein Names Gene Name Protein IDs Probe 1 Probe 2 Probe 3 Probe 4 Previously 

Annotated 

141 Protein NDRG1  NDRG1 A0A3Q1MA0
6    

✓ 
 

142 Ring finger protein 215  RNF215 E1BCM3    ✓  
143 RNA-binding protein FUS (Protein pigpen) FUS A0A140T861    ✓  

144 
Stress-induced-phosphoprotein 1 (STI1) 
(Hsc70/Hsp90-organizing protein) (Hop) STIP1 Q3ZBZ8 

   
✓ 

 
145 Tenascin R  TNR E1BKN2    ✓  

146 
Transitional endoplasmic reticulum ATPase (TER 
ATPase) VCP Q3ZBT1 

   
✓ 

 
147 E3 ubiquitin-protein ligase TRIM2 TRIM2 A4IF63    ✓  
148 Tubulin alpha-1B chain TBA1B P81947    ✓  
149 Tubulin beta-5 chain TUBB5 Q2KJD0    ✓  

150 Uncharacterized protein LOC618359 A0A3Q1N3D
2    ✓  

 
 
 
 
 
 



130 
 

NMR spectra 
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