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Abstract  

A major regulatory influence over cell biology is lysine methylation and 

demethylation within histone proteins. The KDM5/JARID1 sub-family are 2-

oxoglutarate and Fe(II)-dependent lysine-specific histone demethylases that are 

characterized by their Jumonji catalytic domains. This enzyme family is known to 

facilitate the removal of tri-/di-methyl modifications from lysine 4 of histone H3 

(i.e., H3-K4me3/2), a mark associated with active gene expression. As a result, 

studies to date have revolved around KDM5’s influence on disease through their 

ability to regulate H3-K4me2/3. Recently, evidence has demonstrated that 

KDM5’s may influence disease beyond H3-K4 demethylation, making it critical to 

further investigate KDM5 demethylation of non-histone proteins. In efforts to help 

identify potential non-histone substrates for the KDM5 family, we developed a 

library of 180 permutated peptide substrates (PPS), with sequences that are 

systematically altered from the WT H3-K4me3 sequence. From this library, we 

characterized recombinant KDM5A/B/C/D substrate preference. Subsequently 

we developed recognition motifs for each KDM5 demethylase and used them to 

predict potential substrates for KDM5A/B/C/D. Demethylation activity was then 

profiled to generate a list of high/medium/low-ranking substrates for further in 

vitro validation for each of KDM5A/B/C/D. Through this approach, we analyzed 

prediction success rate and identified 66 high-ranking substrates in which KDM5 

demethylases displayed significant in vitro activity towards. We further shown the 

ability to monitor changes in cellular methylation in a handful of the 66 high 

ranking candidate substrates in response to KDM5 inhibition. Specifically, we 
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focused validation efforts on a high-ranking KDM5A novel substrate: p53-

K370me3. We demonstrated significant recombinant KDM5A1-588ΔAP and 

KDM5A1-801 activity towards the p53-K370me3 substrate in vitro. We then 

monitored KDM5A-mediated demethylation of the p53-K370me3/2 substrate in 

HCT 116 cells using a combination of wild-type KDM5A and inactive-mutant 

KDM5AH483A overexpression plasmids, along with immunoblotting, (co-) 

immunoprecipitation and mass spectrometry analysis. Furthermore, we have 

shown that KDM5A expression influences the established p53-53BP1 interaction. 

Finally, we identified a novel p53-TAF5 interaction dominated through the p53-

K370me3 state and how KDM5A activity might affect this interaction. Ultimately, 

we have provided the first evidence of a KDM5 demethylase targeting a non-

histone substrate for demethylation, via the novel KDM5A demethylation of the 

p53-K370me3 substrate.  
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Preface 

 

The following articles included in this thesis were either published or submitted to 

a scientific journal for means of publishing at the time the thesis was completed.  

 

Chapter 2 contains the following paper that was published in Star Protocols- Cell 

Press that was reproduced in part:   

 

Hoekstra, M., Chopra, A., Willmore, W.G., Biggar, K.K. (2022). Evaluation of 

jumonji C lysine demethylase substrate preference to guide identification of in 

vitro substrates. Star Protocols 3(2), 101271. 

 

This article was published under CC BY-NC-ND 4.0 license, which allows for the 

redistribution or republishing of the article. 

The article was reproduced in part because as per section 12.4A of the general 

regulations of graduate studies, I aimed to maintain a coherent account of a 

unified research project. I eliminated the last figure from the original publication 

as the changes to the described protocol depicted in that figure was not applied 

to any experiments done in this thesis. Moreover, I eliminated one half of the 

previous figure as to further maintain the coherent account of a unified research 

project, as it would appear in Chapter 3 in a more relevant context.  
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Chapter 3 contains the following paper that was published in Analytical 

Biochemistry that was reproduced in whole:  

 

Hoekstra, M., Biggar, K.K. (2021). Identification of in vitro JMJD lysine 

demethylase candidate substrates via systematic determination of substrate 

preference. Anal. Biochem. 633, 114429. 

 

 

Chapter 4 contains the following paper that was submitted and in review to the 

Journal of Biochemistry at the time this thesis was submitted and was 

reproduced in whole: 

 

Hoekstra, M., Ridgeway, N.H., Biggar, K.K. (2022). Characterization of KDM5 
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Chromatin Regulation 

Epigenetics 

Despite the Human Genome Project (HGP) providing the blueprint of the 

genes encoding the entire human protein set, we are still left with limited 

knowledge regarding the functional regulation of the approximately 20,000 

protein-coding human genes. For example, there remains approximately 30% 

(i.e., ~6,000) protein-encoding genes that have yet to be functionally validated in 

any way1.  As well, many of the proteins which have been identified lack 

information in protein abundance, function, sub-cellular localization, and 

distribution2. To further add to the complexity of understanding the regulatory 

intimacies of protein function, many of the proteins have splice variants that form 

different isoforms and possess post-translational modifications (PTMs) that 

collectively can influence protein function2. Together there remains the complex 

task to identify and decipher the roles of each protein in the proteome; a 

technically demanding feat. By understanding the regulation and function of the 

proteome, we will better the understanding of human biology at the molecular 

level. This will provide the knowledge needed for development of new medical, 

therapeutic, diagnostic, prognostic and preventative measures and applications2. 

Genetic and epigenetic causes for human disease and disorders are constantly 

being identified. Epigenetic modifications are considered specific, stable, and 

potentially heritable modifications in gene expression that can occur in a 

biological organism, without alteration of the organisms genetic code3.  
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Processes of chromatin regulation 

Chromatin regulation provides a level of control over the timely expression 

of genes that are necessary for cellular function and homeostasis4. In this way, 

chromatin is regulated by several processes and modifications. These 

modifications can be narrowed down to three major mechanisms which include: 

(1) modification of DNA such as DNA methylation, (2) non-protein-coding RNA 

(ncRNAs) formation, and (3) protein and protein complexes that remodel 

chromatin structure, such as histone modifications3,4. DNA methylation to date 

has been the best-studied epigenetic modification. Generally, DNA methylation 

represses gene expression and occurs through DNA-specific methyltransferase 

enzymes at CpG sites (i.e., cytosine (C) and guanine (G) dinucleotides separated 

by a phosphate (p))3. DNA methylation can also serve as “epigenetic memory” 

that can persist through cell division. Secondly, ncRNA formation has been a 

more recent factor identified to influence cells epigenetics. ncRNAs such as 

microRNA (miRNA), transfer RNA (tRNA) and small interfering RNA (siRNA) 

have all been identified to regulate chromatin modifications, genetic imprinting, 

DNA methylation and transcriptional silencing3,5. Specifically, miRNAs have been 

reported to regulate over 50% of protein-coding genes in humans. Furthermore, 

ncRNAs are regulated by methylation of the CpG islands and/or histone 

modifications5. Finally, histone modification regulates gene expression through 

chromatin remodeling. Specific post translational modifications (PTMs) occur 

commonly on specific amino acid sites on histone tails. PTMs currently 

recognized to occur on histone tails include acetylation, phosphorylation, 
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ubiquitylation, methylation, ribosylation, and sumoylation 3,5. These PTMs on N-

terminal histone tails can play key roles in the regulation of DNA replication, 

recombination, repair, and transcription6. As complex and divergent epigenetic 

modifications are, the cellular epigenome can be dynamic and further influenced 

by genetic and environmental factors5. Likely a reflection of their critical 

regulatory roles in cell biology, an increasing number of epigenetic factors have 

been identified as genetic drivers of many human disorders and diseases4. 

Through the documentation and discovery of these epigenetic modifications and 

their mechanisms, it is possible that we may be able to identify molecular causes 

for specific diseases and disorders. 

 

Histone post-translational modifications 

 At the base of chromatin structure and regulation are histone proteins. 

There are five highly conserved histone proteins, H1, H2A, H2B, H3 and H4, with 

the latter 4 making up the core histone octamer7–9. These histones function as 

the anchoring blocks to wrap and package eukaryotic DNA into nucleosomes. 

These nucleosomes are the subunits that together are folded into chromatin 

structures7–9. Histones are dynamic structural elements in chromatin that are 

responsible for genetic transcription regulation7–9. Like most proteins, histone 

proteins are subjected PTMs, and these PTMs are important for regulation of 

both chromatin structure, chromatin remodelling, and genetic transcription7,8. 

Histone’s are subjected to many PTMs including acetylation, ubiquitination, 

phosphorylation and methylation7,8.. Histone proteins can have a complex 



5 
 

dynamic array of these four key PTMs that can exist on dozens of histone 

residues throughout the histone tails7,8,10 (Fig. 1.1.). These PTMs take place on 

the tails of each individual histone and each PTM can have drastic effects on 

subsequent chromatin structure and remodelling, and genetic transactivation7,8. 

Moreover, histone PTMs can have affects on factors such as chromatin structure 

by manipulating histone-histone, protein-histone and DNA-histone interactions7,8. 

As a result, histone PTM’s on specific amino acid residue(s) can have dramatic 

effects on chromatin and genetic regulation7,9. For example, its well studied how 

acetylation and methylation can both occur on the H3K9 substrate, resulting in 

opposite regulation of genetic transcription10,11. Furthermore, PTMs of histone 

proteins can effect the recruitment of other proteins or protein scaffolds that can 

mediated various other molecular function(s)7–9. As a result, the collective 

interplay of these various PTMs is referred to as the “histone code”7–9. As the 

four core histone proteins are also rich in positive amino acid residues they are 

generally, overall positively charged8. This relative positive charge is what allows 

them to associate with the relatively negatively charged phosphate backbone of 

DNA. As a result, the positively charged lysine and arginine residues are some of 

the most common targeted for PTM-mediated regulation of histone proteins8.  
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Figure 1.1. Post-translational modifications on histone H3 protein. 

Demonstrating the complex dynamic array of the key four post-translational 

modifications that exist on histone proteins, using histone H3 as the prototypic 

example. Data is summarized from UniProtKB and literature10,12. Created with 

BioRender.com. 
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Histone acetylation 

Acetylation of histone proteins was one of the first histone PTMs 

identified13. It involves the addition of an acetyl group (CH3CO) to the positively 

charged lysine residues to the histone tails13. This histone PTM is reversible and 

therefore, is regulated by histone acetyl transferase (HATs) enzymes that add 

acetyl groups and histone deacetylases (HDACs) enzymes that remove the 

acetyl groups13–15. Specifically, it is the ε-amino group of the lysine residues, 

which through an acetyl CoA cofactor, is acetylated13. Generally, acetylation is a 

PTM mark associated with transcriptional activation8,13,14. This is due to the 

acetylation on lysine residues causing a decrease to the positive charge 

associated with histone proteins and therefore, can reduce their interaction with 

the negatively charged DNA8,13,14. As a result, nucleosomes become more 

flexible, permissive, and therefore can be accessed by other protein families 

resulting in gene transcription 8,13,14. Both the HATs and HDACs families are 

diverse and even vary in subcellular localization. To date, in humans there have 

been about 30 HATs identified and classified into two classes, type A for nuclear 

localization and type B for cytoplasmic localization13. Opposingly, there are 18 

HDACs identified and are classified into four classes based on sequence 

homology16. Generally for both HATs and HDACs, multi-protein complexes 

influence the substrate preference, substrate targeting and subsequent functions 

of the these acetyl-regulating enzyme families14,15. The interchange of acetylation 

mediated by HATs and HDACs influence changes in chromatin structure and 

states between genetic transcription and repression15. As a result, regulation of 
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histone acetylation has shown to be critical in general cellular development and 

homeostasis13–15. Dysregulation of acetylation has been linked to disease and 

disorder development such as cancer and X-chromosome related disorders17.  

 

Histone ubiquitination 

Histone ubiquitination is one of the lesser abundant histone PTMs, but 

plays a critical role in signaling the DNA damage response18,19. Ubiquitin is itself 

a protein (76 amino acids) that is ubiquitously expressed and conserved 

throughout eukaryotes20. The ubiquitination of histone proteins is carried out by 

ubiquitin-conjugating enzyme (E2 class) and ubiquitin ligases (E3 class)18,19. 

Similar to other PTMs, ubiquitination of histone proteins is a reversible PTM. 

Ubiquitin-specific peptidases, called deubiquitinating enzymes (DUBs), are 

responsible for the removal of these PTMs18,19. Although all of the four core 

histone proteins have been shown to be ubiquitinated, H2A and H2B are the 

most highly ubiquitinated histones, with H2A being the first histone identified to 

be targeted20; approximately 5-15% of total H2A protein is known to undergo 

ubiquitination18,19. Interestingly, monoubiquitinated H2A has been related to gene 

transcription repression and monoubiquitination at K119 specifically on H2A has 

been associated with sites of DNA double-stranded breaks (DSBs)18,19. 

Specifically, it was shown that monoubiquitination at this site represses gene 

transcription via inhibition of RNA polymerase II transcriptional elongation21. 

Opposingly, monoubiquitination at K123 on H2B has been related to gene 

transcription activation and this site is also been shown to be with sites of 
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DSBs18,19. Apart from these residues, there is increasing evidence that other 

lysine residues in histone proteins can also be targeted by ubiquitin ligases. In 

H2A its been shown that K13 and K15 can be ubiquitinated, although its been 

demonstrated that there might be association of these sites with DNA damage 

response, the impact of genetic transcription activation or repression is still 

unknown22.  

 

Histone phosphorylation 

Histone phosphorylation is one of the most abundant and researched of 

the histone PTMs. This primarily stems from the tails of each histone protein 

have various tyrosine, serine and threonine sites that are subject to 

phosphorylation23. Histone phosphorylation is facilitated through a variety of 

protein kinases and opposing phosphatases that catalyze the dephosphorylation 

of these hydroxyl-containing amino acids23. Histone phosphorylation is involved 

in many molecular functions surrounding histones such as DNA damage repair, 

gene transcription regulation and chromatin compaction23–25. For example, 

phosphorylation of Ser10/28 on histone H3 has been shown to be involved in 

chromatin structure regulation and chromatin compaction during cell division23. 

Although a variant, phosphorylation of H2AX-S139 has been well documented as 

a key facilitator in recruitment of proteins involved in DNA damage repair23,25. 

Similar to ubiquitination, many histone phosphorylation events can have an 

influence on histone interaction with protein complexes and effector proteins23. 
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For example, H3-S10/T11/S28 have been shown to be linked with acetylation of 

H3, through a HAT (Gcn5) dependent acetylation23.  

 

Histone methylation 

Chromatin modifications facilitated through dynamic changes in histone 

PTMs permit specific genes to be locally accessed and transcribed, as well as 

silenced and/or buried. In this way, histone methylation has become a primary 

focal point of modern histone and epigenetics research. Interestingly, both the 

positively charged lysine and arginine residues on histone tails can be targeted 

for methylation26. The addition of methyl groups to these residues do not 

themselves manipulate the overall charge of the histone proteins (i.e., charge 

shielding) to the degree that other histone PTMs do. Instead, they typically form 

dynamic interaction sites for methyl-binding domain containing proteins (MBD) to 

facilitate functional protein:protein interactions (more information in the following 

section(s)). In this way these MBD proteins are “readers” of histone 

methylation27. As such, lysine methyltransferase enzymes (“writers”) add methyl 

groups and lysine demethylase enzymes (“erasers”) remove set methyl groups27. 

These three enzyme families work cooperatively to regulate dynamic lysine 

methylation (Fig. 1.2). Although methylation is dynamic like other histone PTMs, 

such as acetylation, a recent increase in research revolving around histone 

methylation is due to the significance of associated mechanisms of histone 

methylation in human disease28. Primarily, lysine residues on histone tails can be 

methylated to either a mono-methylated, di-methylated or tri-methylated state. In 
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contrast, arginine residues can also be methylated, but towards a mono-or di-

methyl state through a symmetric or asymmetric methylation of either terminal 

guanidino nitrogens28. Histone lysine methylation is unique compared to other 

histone PTMs as it has been associated with transcriptional activation or 

repression. Specifically, the level of activation or repression depends on the 

degree of methylation (mono-, di- or tri-methylation) on a specific lysine residue, 

out of a number of possible lysine residues residing within the histone tail29. For 

example, methylation on H3K9 (i.e., histone 3, lysine 9) and H3K27 have been 

frequently observed to be linked to gene silencing. The opposite has been 

observed for H3K4 and H3K36 methylation, which is commonly associated with 

active gene expression29. H3K4me3/2 (histone H3 lysine 4 di- or tri-methylated) 

states specifically have been identified as transcriptional start sites of actively 

transcribed genes28. This critical role of dynamic H3K4me in gene activation has 

made this mark critical to investigate in terms of disease development29. The 

potential significance of the H3K4 residue has encouraged researchers to 

investigate the role that all lysine methylation/demethylation facilitates in normal 

and diseased cells/tissues28.  

 

 

 

 

 

 



12 
 

 

 

 

 

 

 

Figure 1.2. Dynamic regulation of lysine methylation. Visual representation of 

methyllysine regulation through lysine methyltransferase (KMTs), demethylase 

(KDMs) and methyl-binding domains (MBDs). Created with BioRender.com.   
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Histone methyl regulatory proteins 

Histone methylbinding domains (MBDs) 

Beyond the simple addition of one (or more) methyl-modifications to a 

specific lysine, each methylation event can also constitute a specific signal that is 

recognized by highly evolved and conserved methyl-lysine binding domains 

(MBDs)30. Interestingly, these MBDs have been shown in many cases to not only 

recognize the methylated lysine residue, but also the surrounding amino acid 

sequence as to recruit MBDs to a specific methylation site28,30. There are four 

subdomain classes in MBD proteins that have been identified. These four 

classes include: (1) Tudor/Royal class, (2) Ankyrin repeat motifs, (3) WD40 

repeat and (4) Plant homeodomain (PHD) finger domain 30,31. The Tudor/Royal 

class consists of further sub-class members including the Tudor domains, 

chromatin organization modifier domains (chromodomain; CD), proline-

tryptophan-tryptophan-proline (PWWP) domain and malignant brain tumor (MBT) 

methyl-binding proteins30,31. Collectively, these domains are commonly referred 

to as the methyl “readers” of the histone code29,30.  

Each MBD family is unique as to which residues and degrees of 

methylation they target8,30. The Tudor/Royal family are classified as so due to 

their conserved β-barrel secondary structure, also referred to as a Tudor barrel30. 

Generally, Tudor domains interact with Kme3/2 sites and are usually associated 

with catalytic active domains, as well there can be two of them forming Tandem 

domains30. Chromodomains are small 40-60 amino acid residue domains that are 

well attributed with a variety of roles surrounding genetic transcription activation, 
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repression, as well as cellular differentiation and cancer progression30. 

Interestingly, there are three sub-classes of chromodomains that exist: polycomb 

group (PcG) family, chromatin helicase DNA-binding (CHD) family and 

heterochromatin-associated protein 1 (HP1) family30. All three sub-families use a 

aromatic residue-dominant binding pocket in order to bind Kme1/2/3 methyl 

marks on H3K4/9/27 substrates30. As the PWWP family name suggests, methyl 

binding is dominated by the four aromatic-containing residues that exist in these 

MBD domains30. PWWP domains are usually associated with catalytic 

methyltransferase or PHD domains30. Finally, the MBT family has been shown to 

interact with Kme1/2 methylation degrees on histone H3 and H4 proteins30,31. 

Generally, binding of the MBT family drives repression of genetic transcription, 

which is how it was first identified in brain malignancies via supressing the tumor 

suppressing gene32. The MBT family is unique as typically these proteins contain 

2-4 MBT domains, surrounded by other functional or substrate binding 

domains30,31. Although many domains may be present, the recognition and 

binding to a methyl group is typically dominated through only one domain’s 

respective aromatic binding ring30,31.  

The ankyrin repeat motifs are one of the most abundant MBD domains 

that exist and is observed in >70,000 ankyrin repeat containing proteins in 

eukaryotes30,33. The most known ankyrin motif containing protein is the 

cytoskeletal protein named ankyrin itself, which contains 24 copies of this motif34. 

Generally, most ankyrin motif containing proteins possess 6 or less motifs and 

are characterized by a 30-50 amino acid residue repeat containing α-helices, 
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turns and β-turns30,33. These motifs have been observed to be involved in many 

molecular functions including genetic transcription activators, cell-cycle 

regulation, signal and ion transporters/transducers and as a result, are frequently 

altered in disease phenotypes30,33. This affect in so many biological functions is 

most likely a result of the observation that these motifs are present at the 

boundary of protein-protein interactions30,33. Similar as other MBDs, ankyrin 

motifs are commonly associated with other methyl-modifying enzymes. For 

example, it was shown that the ankyrin motif in G9a methyltransferase 

specifically binds the H3K9me1/2 substrate and helps facilitate its catalytic 

activity35. 

 The WD40 repeat family of MBDs is one of the largest MDB families 

(<90,000 WD40 containing proteins), although only approximately 18 of these 

MBDs are associated with chromatin binding and regulation30,36. Generally, 

proteins that possess WD40 domains usually contain 4 or more repeats of the 

WD40 domains which are individually characterized by approximately 40-60 

amino acids which are flanked with highly conserved tryptophan-aspartic acid 

(W-D) residues36,37. The WD40 repeats are unique as each WD40 unit forms an 

unusual β-propeller “blade” structure where each blade contains four anti-parallel 

β-sheets built into a toroidal micro-structure36,37. This structure is critical for 

histone H3 binding as binding occurs in the center of the repeated β-

propeller36,37. This is not consistent in all substrate binding, as interaction with 

histone H4 occurs in more proximal regions of the WD40 domain38. WD40 repeat 

proteins have been shown to be involved in a variety of biological processes 
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including genetic transcription regulation, vesicle formation and trafficking 

regulation, cell division36,37. The WD40 proteins were some of the first MBDs 

identified to be sub-components of larger histone-modifying complexes36. 

Consistently with other MBDs, there are many histone methyl-modifying enzymes 

that contain WD40 repeats such as Set1 and MLL2/3/4 methyl transferase 

enzymes39,40.  

The PHD finger family are dynamic readers of the methyllysine histone 

code, with over 100 PHD finger domain-containing proteins in humans30,41. 

Structurally, PHD finger domains contain 50-80 residues that consist of a 

conserved zinc-binding motif, characterised by two antiparallel β-sheets which is 

anchored by the zinc ion41,42. Many PHD domain-containing proteins play roles in 

genetic transcription regulation and are present in many histone methyl modifying 

enzymes41,42. PHD domains are unique compared to other MBD’s, as they have 

been shown to interact with methyllysine residues of all modification states (i.e 

Kme3/2/1), but also the non-methylated lysine residues30,41,43. One of the most 

widely investigated sub-classes of PHD finger domains was described to 

specifically bind to the H3K4me3 mark, whereas another PHD finger family 

specifically interacts with the H3K4me0 mark30,41,43. Recently, there has been 

evidence demonstrating other PHD finger domain-containing proteins do not bind 

only to the H3K4 substrate, but as well to H3K9me and, in yeast, to 

H3K36me44,45. Although there has been progress in defining the binding 

preference(s) of this MBD family, there are still many PHD fingers that have non 

methyl-lysine binding preference or unknown binding functions42. Dysregulation 
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of PHD finger domain functions have been implicated in a wide array of human 

disease and disorders42,46,47. Typically, mutations in the PHD fingers drive 

disease phenotypes as a result of dysregulation in cellular development and 

changes in histone methylation that effect gene transcription 42,46. This paradigm 

becomes increasingly complex as some proteins contain 2 or more PHD finger 

domains; this includes methyllysine-modifying enzymes42,46,48.  

 

Histone lysine methyltransferases (KMTs) 

Just as MBDs can be referred to as the “readers” of the histone methyl 

code, lysine methyltransferases (KMTs) can are the “writers” of histone 

methylation27,49,50. The histone KMT family of enzymes facilitate the addition of 

methyl group(s) to lysine residues. Currently, there have been more then 50 

KMTs identified in humans and, similarly to MBDs, have demonstrated explicit 

substrate specificity27,49,51. The specific lysine sites and degree of methylation 

(e.g., mono vs. di- or tri-methylation) varies drastically between varying members 

of the KMT family27,49. There 2 large and diverse families of KMTs that are 

classified based on their conserved catalytic domain. These families are the 

SU(VAR)3-9, enhancer-of-Zeste and Trihorax (SET) domain family and the 

seven-β-strand (7βS) / DOT1-like domain family49,50. Generally speaking, most 

SET-domain KMTs function in tandem with an accessory domain, such as a 

MDB that guides in substrate specificity and preference50,52. Furthermore, many 

function in complexes with other histone-modifying enzymes49,50.  
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In humans, there are currently 55 defined proteins that contain a SET 

domain, half of which are known active KMTs that target histone lysine residues 

for methylation49,50. There are sub-families of the SET domain containing KMTs 

including SET1, SET2 SUV39, SMYD, EZH, and RIZ sub-families51,52, although 

some classification of sub-families have varied in literature49,50. All SET domain 

containing KMTs facilitates their catalytic activity towards their substrates by 

methylating the amino group of a lysine residue using the same co-substrate: S-

adenosyl-L-methionine (SAM)52. Members of the same sub-family of KMT’s 

generally target the same or a variety of specific histone lysine substrates49–52. 

For example, the SET1 family primarily targets the histone H3K4 residue, a 

histone mark commonly observed to be associated with transcriptional 

activation49,52. Other sub-families such as EZH family, all target the H3K27 

substrate which is a mark associated with euchromatic silencing49,50,52.  

The 7βS family of KMTs is technically larger and more diverse then the 

SET family of KMTs; currently known to contain approximately 150 members in 

humans49. Unlike the SET family which primarily, but not exclusively, targets 

lysine residues, a variety of 7βS-containing proteins have been shown to 

methylate many substrates containing lysine, arginine and histidine residues as 

well as DNA, RNA and other biomolecules49,50. The 7βS family has diverged from 

the SET family to such a degree that the human DOT1-like protein does not even 

contain a SET domain50,53. It is characterized more similar to that of a arginine 

methyltransferase and facilitates its methylation via a similar mechanism50. Given 

this insight, the DOT1L is the only KMT that targets the H3K79 substrate; a 
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histone mark associated with gene activation53. Furthermore, DOT1L is uniquely 

capable of methylating this substrate to all three states of methylation50,53. As a 

result of being implicated in a variety of cellular processes, it has been well 

documented that this KMT plays a role in disease/cancer progression54.  

KMTs have been well documented to be regulators of cellular function, as 

well as drivers of human disorders and disease when dysregulated27,49. This is of 

course partially due to the fact that methylation of these key histone lysine 

residues have dramatic influence on activation or repression of key gene 

expression49,50. In recent years, there has been increasing evidence that both 

SET and 7βS families of KMTs can also methylate non-histone proteins55–57. This 

is critical knowledge and should be further investigated as targeting non-histone 

proteins for methylation may help us further understand the molecule 

mechanises driving human disorders and diseases. This becomes increasingly 

apparent as p53, retinoblastoma protein 1 and STAT3 have all been 

demonstrated to be functionally regulated through dynamic lysine 

methylation55,57.  

 

Histone lysine demethylases (KDMs) 

Just as histone KMTs are the “writers” of the histone code, 

correspondingly the histone lysine demethylase (KDMs) family of enzymes are 

the “erasers” of histone methylation. These enzymes demethylate through amine 

oxidation, deamination and hydroxylation29. There are currently two known 

classes of KDM enzymes: flavine adenine dinucleotide (FAD)-dependent amine 
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oxidases and the Jumonji C-terminal domain (JmjC) containing family of 

demethylases, which contain over 30 members58–61. The first of these classes 

discovered was the FAD-dependent amine oxidases, with lysine-specific 

demethylase 1 (LSD1, KDM1A) being the first histone demethylase identified61. 

The LSD1 family specifically targets mono- and di-methylated lysine residues 

and LSD1 was shown to target the histone H3K4me1/2 substrate for 

demethylation61. It catalyzes these reactions using cellular FAD and O2 to help 

facilitate the electron transfer in the FAD-dependent amine oxidase reaction61 

(Fig. 1.3). The second histone KDM class is the JmjC-containing family of 

demethylases, which is the larger of the two classes with over 7 sub-families: 

KDM2 (JHDM1), KDM3 (JHDM2), KDM4 (JHDM3), KDM5 (JARID), KDM6 

(UTX/UTY), KDM7 (JHDM1D), KDM9 (dpy-21), PHF2/PHF8 and JmjC domain 

only58,62. The JmjC domain belongs to the superfamily of Fe2+-dependent 

dioxygenases, conserved from yeast to humans58,62.  

Identification of these JmjC-containing sub-families began in 2006 with 

identification of KDM2A/JHDM1A which was shown to target the H3K36me1/2 

substrate63. Since then, a wide array of JmjC-containing KDMs have been 

identified and all KDM2-9 sub-families target all three methylation degrees on a 

variety of histone lysine residues58,62. All JmjC-containing KDMs use Fe2+ and α-

ketoglutarate and as cofactors in the presence of O2
58,62. Through this reaction, 

the methyl group is converted to a hydroxymethyl group, which upon completion 

of the electron transfer produced the products of formaldehyde, succinate and 

CO2
58,62 (Fig. 1.3). Specifically, the Fe2+ ion helps facilitate the hydroxylation of 
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the protein substrates51,58,62. Similar to that of the histone KMTs, majority of the 

JmjC-containing KDMs possess MBDs that aid in substrate recognition, binding 

and regulation of the KDMs activity43,58,62,64,65. As a result of regulation of 

methylation of key histone marks associated with genetic transcription activation 

and repression, it is to no surprise that this class of KDMs have been well 

documented to be critical in general cellular homeostasis58,62. Parallel to histone 

KMTs, studies recently have suggested histone KDMs could serve as oncogenic 

or tumorigenic drivers due to their adherent ability to manipulate and sculpt 

histone methylation28,29,51. As this becomes increasingly apparent as more 

research is being done, that it is critical to investigate key histone marks and the 

KMT/KDM enzymes that target it66.  
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Figure 1.3. Biochemical mechanisms of JmJC-catalyzed and (FAD)-

dependent amine oxidase-catalyzed lysine demethylation. H3K4 substrate 

shown as prototypic example of histone substrate. KDM5 family used as example 

of JmjC-containing lysine demethylase and LSD1 used as example of (FAD)-

dependent amine oxidase lysine demethylase.  

 

 

 

 



23 
 

KDM demethylase enzymes and non-histone substrates 

As KDM enzymes have been identified to influence disease progression, 

there also growing evidence that their disease-related function(s) cannot be 

solely described through histone (de)methylation. This highlights the growing 

realization that KDM enzymes are also capable of demethylating non-histone 

proteins, and that the collection of these substrates help to fully describe the 

function of the KDM. KDM1A/LSD1 was the first lysine-specific demethylase to 

be identified to target non-histone proteins67. It was demonstrated that KDM1A 

removes both the mono- and di-methylation states on p53 at lysine 370 (i.e., 

p53(K370me1/2))67. This finding was critical as it not only demonstrated that 

lysine-specific demethylases can target ubiquitously expressed proteins, such as 

histones, but as well they can target proteins such as p53. Furthermore, this 

study demonstrates that that the removal of the methyl groups on p53 K370 

dynamically regulated p53 activity. This ultimately leads to critical changes in 

downstream p53 pathways such as DNA damage repair and p53 induced 

apoptosis67. Although KDM1A belongs to the LSD family of lysine demethylase, 

there is new evidence to support that members from the JMJD-containing family 

of lysine demethylases may also target non-histone proteins. KDM3A was shown 

to demethylate p53(K372me1), which has been hypothesized to lead to 

chemoresistance through an enhancement of the DNA repair response68. This is 

critical as these study demonstrates the not only ability of both classes of KDMs 

to target non-histone protein, but to dynamically effect the activity of these non-

histone proteins leading to the further progression of cancer6.   
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KDM5 demethylase sub-family  

Recently there has been a large increase in evidence obtained through 

both primary tumors and cancer cell models that suggests a role for the KDM5 

sub-family as oncogenic drivers69. This revelation has made it clear that it is now 

critical to investigate the basic biochemistry of this family to provide insight into 

how it achieves its disease function. As this sub-family was only discovered in 

the last 15 years, there has been minimal research completed outside the scope 

of histone H3K4me3/2 demethylation48,70. Only recently, has a second substrate 

for KDM5 been reported, the KDM5B substrate histone H2BK43me271. Although 

its conservation within the KDM5 family is not yet clear, this provides a clear 

indication that KDM5 is capable of demethylating substrates that deviate from the 

histone H3K4 sequence.  

The KDM5 sub-family is well documented to catalyze the removal of 

methyl groups from tri- and di-methylated lysine 4 of histone 3 (H3K4me3/2)48. 

As transcriptional activity is correlated with H3K4me3 and possibly H3K4me2, 

removal of the methyl groups by KDM5 is believed to trigger transcriptional 

repression69. The KDM5 sub-family has four members: KDM5A, KDM5B, KDM5C 

and KDM5D. The four members have a high degree of homology in domain 

organization and possess common homology in sequence48,72. Phylogenetically 

speaking KDM5A/KDM5B and KDM5C/KDM5D are closely related73 (Fig. 1.4). 

The KDM5 sub-family of demethylases is a unique family as the catalytic Jumonji 

domain is separated by an atypical insertion of a DNA-binding AT-rich interacting 

domain (ARID) and a PHD MBD (PHD1). This has resulted in the Jumonji 
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domain being separated into two sub-domains, an N-terminal (JmjN) and C-

terminal (JmjC). KDM5 further possesses two (KDM5C + KDM5D) or three 

(KDM5A + KDM5B) PHD domains, a C5CH2-Type zinc finger domain and a 

conserved (but uncharacterized) PLU-1 domain48. A schematic representation of 

the domain architecture of KDM5A, KDM5B, KDM5C and KDM5D can be seen in 

Figure 1.5.  It has been demonstrated that removal of the ARID and PHD1 

domains is required for bacterial expression and are expendable for in vitro 

enzymatic activity48,72. Generally, KDM5 substrate recognition has been shown to 

be determined through the PHD1 and PHD3 (KDM5A/B) MBDs, whereas the 

JmjC domain solely facilitates the catalytic demethylation of 

substrate(s)43,48,64,65,74–76. Although the presence of a methylated lysine residue is 

a key factor in PHD3 binding and subsequent JMJD demethylation, previous 

studies analyzing PHD1 binding have demonstrated that KDM5A is able to 

accommodate substrates with sequences that vary from histone H3K474. This 

type of study has not been performed on any other KDM5, although its been well 

documented that KDM5B binds to its substrates distinctly through its PHD1 and 

PHD3 domains65.  
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Figure 1.4. KDM5 sub-family sequence homology. Dendrogram representing 

full length KDM5 sequence homology and Jumonji-domain sequence homology. 

Analysis completed through ClustalΩ multiple sequence alignment77.  
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Figure 1.5. Domain architecture of KDM5 demethylase enzymes. Schematic 

representation of domain architecture of KDM5 sub-family of demethylase 

enzymes. JmjN and JmjC represent the two Jumonji catalytic sub-domains; ARID 

(AT-rich interacting domain) is a DNA binding domain shown to interact with 

CCGCCC sequence; PHD1-3 (plant homeodomain) are methyl binding domains, 

KDM5A/B have 3 PHD’s whereas KDM5C/D only have 2 PHD domains; Zn (zinc 

finger domain) is a C5CH2-Type zinc finger domain; PLU-1 is a conserved but 

uncharacterized domain. Brackets represents the constructs used in this thesis48. 

Created with BioRender.com.   
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KDM5A 

KDM5A (also known as retinoblastoma binding protein-2 (RBP2)) is an 

important regulator of cell cycle and has been hypothesized to be a key player in 

development of tumors48,78. KDM5A is over-expressed in a variety of cancers 

including gastric, lung, hepatocellular, colorectal and cervical cancers78. KDM5B 

as well, regulates cell cycle progression but through repression of cell cycle 

checkpoint genes78. KDM5B has also been demonstrated to repress anti-

proliferative and tumor suppressor genes48 and has been shown to over 

expressed in breast, prostate, bladder, gastric, lung, cervical and some form of 

leukemias78. KDM5C has been shown to be expressed the most in neuronal 

tissue48. KDM5C mutations have been shown to be associated with Huntington’s 

disease and X-linked mental retardation and autism48,69. KDM5C overexpression 

was also observed in renal cell carcinoma as well in hypoxic tumors29,69. KDM5D 

is 85% identical to KDM5C and has been identified to be implicated in prostate 

cancer69,72. The clear connection between the KDM5 family of enzymes and their 

frequently observed implications in a variety of disease and disorders, including 

cancer progression, has demonstrated that it is critical to investigate their cellular 

mechanisms. 

KDM5A was first identified to have an effect on tumorigenesis as the 

tumor-suppressive activity of retinoblastoma (RB) protein was dependent on 

KDM5A isolation79. RB inhibits cell cycle progression by inhibiting S-phase entry 

as well as promotes differentiation and senescence79. It is the ability of the RB 

protein to bind with KDM5A that was shown to inhibit differentiation and 
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senescence, as inhibiting KDM5A with siRNA was shown to re-initiate these 

processes79. Since this discovery, the majority of research has gone into 

epigenetic regulation by KDM5A in cancers. In breast cancer, KDM5A has been 

shown to promote metastasis as a positive regulator of metastasis genes in 

estrogen receptor negative (ER-) breast cancers80. Studies have also shown that 

KDM5A is overexpressed in gastric and cervical cancer cells. In these cells, 

KDM5A triggers cellular senescence through the binding of gene promoters of 

cyclin-dependent kinase inhibitors p16, p21 and p27 through demethylating 

H3K4me3 at these promoter locations81. Furthermore, KDM5A has bene 

demonstrated to play an epigenetic role in acute myeloid leukemia (AML) as well 

as lung, hepatocellular, colorectal cancer29,48,78. Generally, KDM5A 

mechanistically promotes cell growth and inhibits senescence and differentiation 

through it’s ability to demethylate H3K4me3 back to a mono-methyl state29. As 

cancer genomics have demonstrated, a decrease in global gene expression in 

cancer cells due to overexpression of KDM5A can result in cancer progression 

by a variety of pathways.  

Although there has been progress in understanding KDM5A regulation in 

cancers, there has been very little research examining potential oncogenic 

substrates in which KDM5A may act upon. This is surprising due to the 

knowledge that JMJD-containing KDM enzymes have been demonstrated to 

have activity on non-histone proteins68. KDM5A is generally shown to be 

regulated by its PHD1 reader domain through a positive-feedback mechanism43. 

The PHD1 domain, separating the JmjN/JmjC catalytic domains, has been 
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demonstrated to bind to unmodified H3 peptide43. The PHD1 binding to the 

histone H3 tail stimulates the catalytic JmjN/JmjC removal of methyl marks from 

the H3K4me3 substrate43. This study demonstrates how KDM5A appears to 

function through coupling activity between the reader (PHD1) domain and 

catalytic (JmjN/JmjC) domain. In murine models studying AML progression, 

KDM5A was identified to form a fusion protein with a nuclear pore complex 

protein NUP9882. This fusion protein was shown to occur through the PHD3 

domain of KDM5A, similar to what has been observed to occur for KDM5A and 

H3K4me3 substrate82. Although this doesn’t demonstrate the ability of KDM5A to 

be catalytically active on a non-histone lysine-containing protein substrate, it 

validates the potential of reader (PHD) domains to bind and interact with non-

histone, lysine-methylated proteins. Such documented KDM5A interactions with 

non-histone proteins, as well as other proposed interactions with proteins 

involved in oncogenesis, such as Myc proteins (proto-oncogene proteins), makes 

KDM5A activity on non-histone proteins timely to investigate83. These 

interactions, in addition to the previously identified KDM1A/KDM3A-p53 

interactions, demonstrates the high likelihood of KDM5A being able to 

demethylate non-histone proteins. Whether the KDM5A-mediated removal of 

methyl groups on non-histone proteins lead to oncogenesis or further 

tumorigenesis is yet to be determined.  
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Methods to study demethylase activity  

In recent years there has been an increasing number of methodologies 

developed that examine and characterize how histone modifying enzymes 

molecularly target, bind, and have catalytic activity towards histone and non-

histone proteins. These include immuno-based techniques, radioactive and 

coupled enzyme assays, peptide binding arrays, and mass spectrometry-coupled 

reactions.  

 

Immuno-based techniques  

As reliable PTM-specific antibodies have become increasingly available 

commercially, a variety of immuno-based techniques to study histone methylation 

has been developed relying on a range of biophysical techniques. More 

specifically, site-specific and pan-methyl antibodies are available and allow for 

the analysis of lysine methylation84. As some antibodies are very specific and can 

discriminate between varying degree’s of methylation84, the reality is that many 

methyl-specific antibodies have been demonstrated to show significant issues in 

specific epitope binding and specificity between methyl-states (e.g., Kme2 vs. 

Kme3)84,85. These binding discrepancies are usually caused by relatively similar 

Kd values between methyl-states or the presence of neighbouring PTMs that can 

negatively affect binding84. Recently, there has been an increase in the use of 

homogenous antibody-based screens to study KDM reactions. Bead-based 

techniques such as amplified luminescent proximity homogenous assay (ALPHA) 

and time-resolved fluorescence resonance energy transfer (TR-FRET) are two 
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common assays used in KDM activity studies86,87. These bead-based 

approaches can be advantageous as they can be signal sensitive, provide a 

large library size which allows for high-throughput screening88,89. The price of 

beads, a relatively large sample size, and labor-intensive initial screening and 

preparation are significant disadvantages to these techniques87,90. Furthermore, 

compounds that bind singlet oxygen can in interfere with ALPHA results87.  

 

Radioactive and enzyme-coupled assays 

Radioactive and enzyme-coupled assays have been developed that all 

work on the principles of measuring either the formation of reaction products or 

depletion of substrates and co-substrates. Depletion and conversion of 

radioactively labelled 3H-SAM or 3H-labeled methylated histone substrates has 

been a well-documented method and the gold standard to detect active histone 

methylation or demethylation towards specific substrates84,85,87. However, 

radiolabeled substrate preparation, logistical difficulty in detecting weak 3H beta 

emission, and long reaction and data collection times are major limitations of 

these assays84,85,87. Given the commercial availability, enzyme coupled assays 

have been another assay system used to study methyl-related enzyme 

characteristics. Most of these types of assays are based on coupling reaction 

products or substrates into a detectable fluorescent or luminescent signal91,92. 

Formaldehyde dehydrogenase (FDH) coupled reactions are a common assay 

used to study lysine demethylation reactions, as formaldehyde is a by product of 

the reaction84,92. This type of coupled assay is ideal for individuals looking to 
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derive enzyme kinetics, as these assays are both sensitive and permit real-time 

measurements of activity92,93. Disadvantages to these assays include the 

presence of reaction artifacts and absorption/fluorescence interference and 

quenching, all of which can lead to false positive and negative results87,94.  

 

Peptide Arrays 

The use of peptide arrays has been a well-established and high-

throughput method to study enzyme-substrate binding or protein-protein 

interactions90,95. Peptide arrays are advantageous as they provide relatively quick 

and robust way to study a large number of peptide substrates90,95. This is ideal 

when looking to study a specific binding region or to identify new interactions for 

a specific protein of interest90. Furthermore, when systemically designed to 

iteratively explore tolerable peptide mutations, peptide arrays can elucidate 

amino acid patterns of enzyme-substrate or protein-protein interactions96. This 

has been shown to be useful when studying enzymes within a common family or 

class, as binding and catalytic domains are commonly observed to be 

evolutionarily conserved75,97. If a substrate is well-established, peptide arrays can 

also be semi-quantitative as relative binding of an unknown substrate when 

compared to a known substrate interaction can be relatively determined96. The 

largest disadvantage of these arrays is that the peptides printed on these arrays 

are only able to represent  a small region of a protein95,96. As a result, the 

interactions discovered need much further validation as protein folding, protein 

charge and displacement of key residues that facilitate appropriate binding may 
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not be encompassed in the peptide immobilized on the peptide array95. 

Furthermore, an enzyme interaction with a peptide substrate through only binding 

is only an approximation. As enzyme binding is not synonymous with an enzyme 

catalytically targeting a substrate, results can suffer and include high false 

positive rates96.  

 

Mass spectrometry  

Mass spectrometry (MS) coupled assays have been a commonly used 

method to derive quantitative activity data for KDM and KMT enzymes. This is 

possible as a direct detection of a 14 Da change in product mass is attributed to 

a gain or loss of a single methyl group87. As reactions and their products can be 

directly input into a MS quadrupole, or via an initial chromatography system, this 

technique has been proven to be highly specific and sensitive to changes in 

KDM/KMT product mass resulting from changes in methylation98,99. Advantages 

to MS include the evasion of common signal quenching and non-specific 

interactions that other assay techniques contain, as well as it does not require 

methyl-specific antibodies87,98. When screening substrates or inhibitors, the low 

throughput and specialized instruments are major disadvantages to MS-coupled 

techniques100. However, this problem can be somewhat mitigated upon by using 

multiplexing strategies, which analyze samples from several pooled reactions 

simultaneously using “mass-tagged” substrates100.   
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Thesis Hypothesis  

My research is aimed towards the investigation of how KDM5 

demethylases actively target methylated proteins, beyond histone H3K4me3/2. 

Specifically, I am interested in how KDM5 demethylases target non-histone 

proteins, and what influence these KDM5-regulated demethylation events have 

on non-histone protein activity to provide insights into cell function and cellular 

homeostasis. My hypothesis is that the lysine-specific demethylase KDM5 

family is capable of actively demethylating non-histone protein substrates, 

including substrates that help facilitate the function(s) of KDM5 beyond 

chromatin regulation. To address this hypothesis, I have outlined four specific 

aims to my research:  

Aim 1) Develop a systematic approach to predict KDM substrates in vitro. 

Aim 2) Characterize substrate selection preference of the KDM5 family 

and identify potential non-histone substrates. 

Aim 3) Annotate in vitro KDM5 demethylation activity of select non-histone 

protein substrate(s) to identify unique and conserved demethylase activity 

within the KDM5 family.  

Aim 4) Determine how KDM5 demethylation activity influences cellular 

function of select non-histone protein substrates.  
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Chapter Summary  

As previously mentioned in Chapter 1, despite the apparent influence the 

KDM5 family has on a variety of human disorders and disease the only known 

substrate for the KDM5 family is H3K4me3/2, while H2BK43me2 has only yet 

been validated for KDM5B48,71. As a result, studies have primarily revolved 

around the ability of KDM5 to regulate gene expression through removal 

regulation of the histone H3K4me3/2 modification69. Although thoroughly 

investigated, the defined mechanism through which KDM5 family members 

specifically promote tumorigenesis continues to elude scientists. One hypothesis 

that is supported experimentally is that the KDM5 represses important tumor-

suppressing genes by reducing active histone H3K4me3 marks at key 

promoters69,78,101–104. Although this does shed light on a potential mechanism, 

there remains little evidence that the observed oncogenic influence of KDM5 is 

attributable solely to changes in histone methylation6. As there is growing 

evidence that KDM5 demethylases are capable of demethylating non-histone 

proteins, our overarching hypothesis is that this KDM family is demethylating 

critical non-histone proteins that are essential for general cellular 

homeostasis.6,56,69. If true, it is critical to further investigate how new substrates 

could help reveal novel cellular function(s) of KDM5 in healthy and diseased 

cells69,93.  

To discover novel potential non-histone substrates for the KDM5 family, 

we first had to develop a method to predict or identify new substrates. We 

determined the optimal way to accurately predict novel substrates was to fully 
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understand KDM5 substrate preference. At the initiation of this thesis, a method 

to monitor KDM substrate preference had yet to be developed. Currently, most 

methods regarding KMT (but not KDM) substrate preference or specificity has 

been surrounded around the use of peptide array-based methods84,90. Although 

these techniques can offer high-throughput screening, these arrays require an 

added label to be able to visualize signal. This is typically a 3H radioisotope label 

donated by 3H-SAM for KMT assays84. A similar approach would not be possible 

for KDMs as these enzymes would need to remove a ‘label’ (i.e., a negative 

signal) introducing logistical difficulty in detection and analysis. Herein, we 

propose an approach to study substrate preference that is evolved from a 

theoretical combination of peptide array-based permutations assays, as well as 

in solution succinate-based detection of KDM activity. Our method utilizes a 

library of mutated peptides that are systematically mutated from an established 

substrate peptide, histone H3K4me3. Using this highly specialized peptide 

library, we can assess position-specific amino acid preferences displayed by any 

KDM. The result is a semi-quantification method that can measure relative 

demethylation activity towards peptide substrates. Through observing their 

activity towards each of the systematically mutated substrates, in relative 

comparison to the established WT substrate peptide, we can conclude which 

amino acid mutations resulted in a relative increase or decrease in KDM activity. 

Ultimately from this data, a KDM recognition motif is produced that be used to 

determine how likely a methyllysine-containing protein in the methyl proteome is 

to a be a substrate of the KDM enzyme in question.  
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Investigation of formaldehyde-based detection assays 

To start investigating a detection assay to monitor JmjC-KDM activity, we 

began investigating the feasibility of directly measuring demethylation-coupled 

formaldehyde production. Indeed, other groups have had success measuring 

radiolabeled formaldehyde production85. We first evaluated this approach using 

various organic chemicals that would readily react with formaldehyde to produce 

a product that could be spectrophotometrically detectable. We first investigated 

(1) 4-amino-3-penten-2-one (i.e., Fluoral-P; Appendix A, Fig. A1) and  (2) methyl 

acetoacetate in the presence of ammonium acetate (Appendix A, Fig. A2), as 

both have been shown to readily react with formaldehyde to form a detectable 

product105–107. Although both these methods work fine in large volumes and for 

high [formaldehyde], when applied to our system the product signal was 

problematically low. As a result, this led to large error and both assays and its 

components did not translate well to a low-volume microplate assay format that is 

necessary for screening.  

The next chemical-based detection assay we attempted was 2-methyl 

acetoacetanilide. 2-methyl acetoacetanilide in the presence of ammonium 

acetate will react with formaldehyde to yield a fluorescent compound (excitation 

and emission of 360nm and 460nm, respectively)108 (Appendix A, Fig. A3). We 

first began with establishing a formaldehyde standard curve (Appendix A, Fig. 

A4A) to determine detection limits, followed by assessing KDM5A1-588ΔAP activity 

towards the histone H3K4me3 peptide substrate via a 2x KDM5A1-588ΔAP dilution 

curve (Appendix A, Fig. A4B). Although we do see a dose-responsive signal from 
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this assay, it consistently appeared to suffer from limitations of sensitivity, large 

error, and a general lack of robustness.  

 

Investigation of a succinate-based detection assay 

In our efforts to find a robust and sensitive assay to use to study KDM 

substrate preference, we discovered the commercially available Promega 

Succinate-Glo™ assay that monitors succinate production (a product of 

JMJD/KDM demethylation)109 (Appendix A, Fig. A5). We performed a succinate-

standard curve to determine the optimal reaction conditions to detect 

demethylation (Appendix A, Fig. A6A). Following this, we then assessed 

KDM5A1-588ΔAP activity via a 2x KDM5A1-588ΔAP dilution curve (Appendix A, Fig. 

A6B). Once we confirmed the ability of this luminescent assay to accurately 

quantify relative KDM5A1-588ΔAP activity, we then sought to combine this detection 

assay with our specialized permutated peptide substrate (PPS) library to a fuller-

length recombinant KDM5A1-801 enzyme. Although predominantly interested in 

applying our method to the KDM5 family, we wanted to investigate whether our 

method could be applied to any JmjC-containing KDM. As a result, we also 

applied this method to KDM3A515-1317. The following sections are from my 

published methods manuscript in Star Protocols- Cell Press that describes 

the full method and pipeline we applied to assess KDM5A1-801 and 

KDM3A515-1317 substrate preference and to predict substrates. Importantly, 

this is the first systematic exploration of substrate preference for any KDM 

enzyme. 
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Manuscript Summary 

Jumonji C (JmjC) domain-containing lysine demethylases (KDMs) 

catalyze the removal of methyl groups from the 𝜀-amino group of lysine residues. 

Within the realm of lysine methylation, the discovery of lysine methyltransferase 

(KMTs) substrates has been burgeoning due to established systematic substrate 

screening protocols. Here, we describe the first protocol enabling the systematic 

identification of JmjC KDM substrate preference and in vitro substrates. This 

protocol provides a gateway for deepening our understanding of how JmjC KDMs 

impart their biological function(s). 

 

Graphical abstract 

 

This graphical abstract was reprinted with permission of Star Protocols – Cell 

Press. 
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Before you begin 

The protocol below describes the specific steps for determining a 

substrate recognition motif for the KDM5A demethylase, as well as how to 

leverage this information for in vitro substrate discovery. Results for KDM3A are 

shown alongside KMD5A to highlight (1) how KDM substrate preference deviates 

between enzymes and (2) that the method is not solely applicable to a single 

enzyme. 

 

Theoretical considerations 

The procedure for determining JmjC KDM substrate recognition motifs 

involves monitoring enzyme activity towards a library of peptides representing 

systematic mutations from the canonical substrate sequence (i.e., peptide 

permutation library). Analogously, this approach has been established for KMTs 

110–114. Thus, this methodology is limited to those JmjC KDMs with a known 

peptide substrate. Many methyl-modifying enzymes have established substrates 

within the histone code 115. For example, the canonical histone substrate for the 

KDM5 family of enzymes is histone H3 trimethylated at lysine-4 (i.e., H3-K4me3). 

 

Practical considerations 

To note, the methodology begins assuming a pure source of recombinant 

enzyme is available. Recombinant KDM5A and KDM3A enzymes were 

expressed and purified as described 92,116. Furthermore, although our example 

monitors JmjC KDM activity via detection of succinate (i.e., turnover of the 2-
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oxoglutarate cofactor), there are other methods for detecting in vitro JmjC KDM 

activity. This includes other techniques monitoring cofactor turnover and 

formaldehyde formation that would also be viable alternatives for detecting 

enzyme activity 109,117–119. 

 

Design permutated peptide substrate (PPS) library sequences 

Permutation libraries consist of peptide sequences whereby a given 

residue position is mutated to all other naturally occurring amino acids while 

leaving the remainder of the sequence unaltered. Systematically performing this 

for multiple residue positions enables the assessment of amino acid specificity of 

peptide-protein interactions over a defined window. The specificity of numerous 

KMTs has been mapped via this approach and the epitope is generally defined 

by the residues occurring directly proximal to the modification site. Structural 

analysis of JMJD14, a plant KDM5 enzyme, found that residues directly proximal 

to the H3-K4me3 target site are important for substrate recognition 120. Thus, the 

permutated window consisted of residues -3 to +5 amino acids relative to the H3-

K4me3 methylation site (ARTKQTARKSTGGKA; K4 position bold, permutated 

window underlined). 

 

Timing: 1-2 h 

1. Retrieve peptide sequence known to permit demethylase activity (e.g., the 

H3-K4 sequence [ART(Kme3)QTARKSTGGKA] was used for KDM5A). 



44 
 

2. At each residue position within the desired window (e.g., -3 to +5 relative 

to the methylation site), generate 19 other sequences whereby the wild-

type residue is exchanged to another naturally occurring amino acid 

(Table 2.1 shows an example for the -3 position only). 

Table 2.1. Example of permutation of the H3-K4me3 peptide sequence at 

the -3 position (underlined). 

Mutation Peptide sequence 

A(WT) ART(Kme3)QTARKSTGGKA 

R RRT(Kme3)QTARKSTGGKA 

N NRT(Kme3)QTARKSTGGKA 

D DRT(Kme3)QTARKSTGGKA 

C CRT(Kme3)QTARKSTGGKA 

Q QRT(Kme3)QTARKSTGGKA 

E ERT(Kme3)QTARKSTGGKA 

G GRT(Kme3)QTARKSTGGKA 

H HRT(Kme3)QTARKSTGGKA 

I IRT(Kme3)QTARKSTGGKA 

L LRT(Kme3)QTARKSTGGKA 

K KRT(Kme3)QTARKSTGGKA 

M MRT(Kme3)QTARKSTGGKA 

F FRT(Kme3)QTARKSTGGKA 

P PRT(Kme3)QTARKSTGGKA 

S SRT(Kme3)QTARKSTGGKA 

T TRT(Kme3)QTARKSTGGKA 

W WRT(Kme3)QTARKSTGGKA 
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Y YRT(Kme3)QTARKSTGGKA 

V VRT(Kme3)QTARKSTGGKA 

 

Optional: Add a tryptophan residue to the C-terminal end of the peptide 

sequence, separated from the peptide sequence by a flexible linker (e.g., 6-

aminohexanoic acid (ahx)), to enable quantification of peptide concentration 

through tryptophan florescence. 

 

Preparation of peptides, cofactors, and buffer stocks 

Due to the focus of the protocol described herein, the nonessential need 

to obtain peptides via the same methodology used, and the broad availability of 

peptide synthesis protocols, a detailed synthesis protocol is not described. To 

note, the peptides were synthesized following standard Fmoc (N-(9-

fluorenyl)methoxycarbonyl) chemistry, on an automated ResPep SL peptide 

synthesizer (Intavis), at a scale of 2 µmol following procedures previously 

described 121,122. 

 

Timing: 1 day 

3.  Dissolve dry peptides in 1X phosphate-buffered saline (PBS; pH 7), or 

another activity-compatible buffer), to a final concentration of 10 mM. 

Note: Given that peptides were synthesized at a scale of 2 µmol, dissolve the 

peptides in 200 µL of 1X PBS to obtain a concentration of 10 mM. 

Note: Peptides synthesized in-house may be highly acidic due to residue 

trifluoracetic acid and may require pH to be adjusted to 7 by gradual addition of 
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sodium hydroxide (a 5M NaOH solution was used to add low volumes of 5-10 µL 

to peptides). 

Critical: all buffers and reagents should be prepared in ATP-free water. This 

includes cofactors and buffers described below. 

Optional: If peptides are synthesized in-house, it is highly recommended to 

quantify the peptides to ensure proper concentration. If an ahx-Trp is added to 

the C-terminal ends of peptide sequences, concentration may be determined by 

absorbance at 280 nm and the extinction coefficient of the peptide (available 

using the Expasy ProtParam tool; https://web.expasy.org/protparam/). 

 

4.  Prepare 4X peptide stocks (40 µM) by diluting peptides in 1X PBS. Next, 

prepare a 1 mM peptide stock solution for the wild-type substrate peptide 

in 1X PBS. 

Pause Point: Peptide stocks should be aliquoted and stored at -20°C until use. 

5.  Make 10mM solutions of ascorbic acid, α-ketoglutarate, and Fe(II)SO4 in 

a volume of 1 mL using ATP-free water, in separate 1.5 mL Eppendorf 

tubes. 

a. Dilute 10 mM cofactor stocks to 1 mM with ATP-free water. 

6.  Make a 40 mL solution of 0.5M HEPES in a 50 mL conical tube. Dissolve 

HEPES in 30 mL of ATP-free water and adjust pH to 7.5 using 5M NaOH. 

Top up volume to 40 mL to yield a final concentration of 0.5 M HEPES.  

Note: Stores HEPES solution at 4°C protected from light. 

 

https://web.expasy.org/protparam/
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Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals, peptides, and recombinant proteins 

KDM5A1-801-His (Homo sapiens) SGC Oxford n/a 

KDM3A515-1317-His-Flag (Homo sapiens) 116 n/a 

Fmoc-Ala-OH P3 Biosystems Cat#41004 

Fmoc-Arg(Pbf)-OH P3 Biosystems Cat#41002 

Fmoc-Asn(Trt)-OH P3 Biosystems Cat#41007 

Fmoc-Asp(OtBu)-OH P3 Biosystems Cat#41019 

Fmoc-Cys(Trt)-OH P3 Biosystems Cat#41008 

Fmoc-Glu(OtBu)-OH P3 Biosystems Cat#41005 

Fmoc-Gln(Trt)-OH P3 Biosystems Cat#41011 

Fmoc-Gly-OH P3 Biosystems Cat#41010 

Fmoc-His(Trt)-OH P3 Biosystems Cat#41017 

Fmoc-Ile-OH P3 Biosystems Cat#41018 

Fmoc-Leu-OH P3 Biosystems Cat#41003 

Fmoc-Lys(Boc)-OH P3 Biosystems Cat#41001 

Fmoc-Met-OH P3 Biosystems Cat#41020 

Fmoc-Phe-OH P3 Biosystems Cat#41013 

Fmoc-Pro-OH P3 Biosystems Cat#41009 

Fmoc-Ser(tBu)-OH P3 Biosystems Cat#41006 

Fmoc-Thr(tBu)-OH P3 Biosystems Cat#41016 

Fmoc-Trp(Boc)-OH P3 Biosystems Cat#41012 

Fmoc-Tyr(tBu)-OH P3 Biosystems Cat#41014 

Fmoc-Val-OH P3 Biosystems Cat#41015 

Fmoc-Lys(Boc,Me)-OH P3 Biosystems Cat#47238 

Fmoc-Lys(Me)2-OH.HCl P3 Biosystems Cat#47237 

Fmoc-Lys(Me)3-OH chloride Sigma Cat#F5062 

HBTU P3 Biosystems Cat#31001 

NMM Alfa Aesar Cat#A12158 
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Rink Amide MBHA Resin P3 Biosystems Cat#52002 

Acetic anhydride Fisher Scientific Cat#108-24-7 

Piperidine Sigma-Aldrich Cat#104094 

DMF Fisher Scientific Cat#D119-20 

Ethanol Commercial Alcohols Cat#P016EAAN 

DCM Acros Organics Cat#354800025 

Trifluoroacetic acid Fisher Scientific Cat#L06374 

TIPS Acros Organics Cat#214922500 

Ethyl Ether Fisher Scientific Cat#E138-4 

HEPES BioShop Cat#HEP005.1 

Fe(II)SO4 BDH Chemicals Cat#B28400 

α-ketoglutarate Sigma Cat#K-3752 

Ascorbic acid J.T. Baker Chemical Co. Cat#B581.5 

Tris(2-carboxyethyl)phosphine (TCEP) HCl salt Sigma-Aldrich Cat#646547 

Bovine serum albumin BioShop Cat#ALB001.10 

Dimethyl sulfoxide Bio Basic Canada Cat#D0231 

NaCl BioShop Cat#SOD002.1 

KCl BioShop Cat#POC308.50 

Sodium phosphate monobasic monohydrate Sigma-Aldrich Cat#S9638 

Sodium phosphate dibasic anhydrous BioShop Cat#SPD307.50 

Potassium phosphate monobasic BioShop Cat#PPM666.1 

Acetic acid Anachemia Cat#00598-463 

Critical commercial assays 

Succinate-Glo JmjC Demethylase/Hydroxylase Assay Promega Corporation123 Cat#V7990 

Software and algorithms 

Peptide Specificity Analyst (PeSA) (Topcu & Biggar, 2019)  

Other 

BioTek Cytation 5 microplate reader BioTek Cat#BTCYT5M 

Grenier 384-well plate, white Grenier Cat#781075 
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Materials and equipment (optional) 

2X Reaction Buffer/Peptide Mix 

Reagent Final concentration  Amount 

0.5 M HEPES (pH 7.5) 50 mM 50 μL 

1mM ascorbic acid 200 μM 100 μL 

1mM Fe(II)SO4 20 μM 10 μL 

1mM 2-oxoglutarate 20 μM 10 μL 

DMSO 2% 10 μL 

ATP-free water n/a 310 μL 

1 mM peptide 20 μM 10 μL 

Total n/a 500 µL 

 

 

2X Reaction Buffer 

Reagent Final concentration  Amount 

0.5 M HEPES (pH 7.5) 50 mM 50 μL 

1mM ascorbic acid 200 μM 100 μL 

1mM Fe(II)SO4 20 μM 10 μL 

1mM 2-oxoglutarate 20 μM 10 μL 

DMSO 2% 10 μL 

ATP-free water n/a 320 μL 

Total n/a 500 µL 
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Succinate Detection Reagent I 

Reagent Final concentration  Amount 

Succinate-GloTM Solution n/a 5 µL 

Acetoacetyl-CoA 100X 1X 5 µL 

Succinate-GloTM Buffer n/a 500 µL 

Total n/a 510 µL 

[Commercially available Promega Succinate-Glo™ assay reagents are stored at 

-80 °C. Begin thawing reagent components on ice ~1 hour before use. For 

Acetoacetyl-CoA 100X, specifically, thaw at 22-25 °C for 5 minutes before 

addition to Succinate-GloTM Buffer.] 

Alternatives: Here a BioTek Cytation 5 microplate reader was used to read 

luminescence, using a gain of 175 and plate height of 1.25 mm. Also, an 

Eppendorf centrifuge 5304 R with an A-2-DWP rotor was used. Other plate 

readers and centrifuges may be used. 

Alternatives: Here a 5 µL enzyme reaction is performed in each well of a 384-

well plate. Alternative reaction volumes may be used; however, volumes of 

downstream commercially available Promega Succinate-Glo™ assay kit 

components must be scaled accordingly to maintain the ratio of 1:1:2 (reaction: 

Succinate Detection Reagent I: Succinate Detection Reagent II). 

Alternatives: Here a peptide list comprising the known methylproteome was 

scored using JmjC KDM recognition motifs.  
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Step-by-step method details 

Determine non-saturating enzyme concentration   

Timing: 4 hours 

Given a fixed set of reaction parameters (e.g., cofactor concentration, pH, 

temperature, etc.), a user can determine the optimal concentration range of JmjC 

KDM yielding a non-saturated signal. Establishing a non-saturating enzyme 

concentration is key for downstream steps when comparing the effect of different 

peptides on JmjC KDM activity. This is achieved by dilution series of the given 

KDM from the highest concentration possible to a low or sub nanomolar 

concentration (e.g., <1-10 nM). In our prototypic example of KDM5A and KDM3A, 

by dilution series we determined enzyme concentrations yielding non-saturating 

signal (Fig. 2.1). 

Note: To maximize the signal-to-background ratio, we recommend users of this 

methodology establish optimal conditions (e.g., pH, temperature, etc.) prior to 

beginning this workflow. This may be done experimentally or by literature search. 

1. Place a white 384-well microplate on a Peltier device and set temperature 

to 4°C. 

2. Prepare 2X Reaction Buffer/Peptide Mix. 

a. Keep on ice or at 4°C for same day use.  

3. Add 2.5 μL of 2X Reaction Buffer/Peptide Mix to all experimental wells in 

the 384-well microplate. 

4. Thaw JmjC KDM stock protein on ice. 
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5. Perform a 20 µL dilution series (e.g., 4X or 2X) of the JmjC KDM protein in 

1.5mL Eppendorf tubes on ice in the same buffer used initially for storage 

(see Table 2 for an example dilution range). 

Note: Save at least a 20 μL aliquot of storage buffer for the “no enzyme” control. 

Alternative: Dilution series may be performed in higher or lower volumes 

depending on the number of replicate reactions performed. 

6. Set Peltier device to 23°C. 

Alternative: Other temperatures for the JmjC KDM reaction may be used (e.g., 

optimal temperature may be determined prior to this protocol or published in 

literature). 

7. To initiate the reaction, add 2.5 μL of each JmjC KDM dilution to a specific 

microplate well containing the 2X Reaction Buffer/Peptide Mix (Table 2.2 

shows an example plate layout).  

a. Set the 384-well microplate on a plate shaker for 2 min at 22-25°C.  

b. Centrifuge the plate at 240 x g for 1 min at 23°C. 

Note: For the no enzyme control (NEC), add 2.5 μL of storage buffer containing 

an absence of JmjC KDM protein. 

 

Table 2.2. Example of plate layout for JmjC 2x dilution series. Initial 

concentration of purified KDM5A was 20 μM, yielding a final reaction 

concentration of 10 µM. Concentrations listed are in μM. 

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

Row A-C 

(n=3) 

NEC 10  5.0  2.5  1.3  0.63 0.31 0.16  0.078 0.039 0.02 0.01 
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8. Allow the demethylation reaction to occur for 60 min at 23 °C.  

9. Add 5 μL of Succinate Detection Reagent I to each assay well.  

a. Shake the 384-well microplate for 2 min at 22-25°C.  

b. Centrifuge the plate at 240 x g for 1 min at 23 °C and incubate for 

60 min at 23 °C. 

Note: The time of JmjC reaction may be adjusted, however, the reaction time 

used in this step must be kept consistent when performing all downstream JmjC 

KDM reactions. For example, reactions with KDM3A occurred for 3 hours. 

10. Add 10 μL of Succinate Detection Reagent II.  

a. Shake the 384-well microplate for 2 min at 22-25°C.  

b. Centrifuge the plate at 240 x g for 1 min at 23 °C and incubate for 

10 min at 23°C. 

11. Read the luminescence from each well using a microplate reader. 

12. Calculate the average luminescence signal across technical replicates. 

13. For each condition, subtract the average signal from that of the average of 

the NEC to account for background luminescence. 

14. Using data analysis/graphing software, such as GraphPad Prism, visualize 

the data to determine non-saturating and linear dose responsive JmjC 

KDM concentrations (Fig. 2.1). Choose a concentration of protein within 

the mid-linear range of relative activity.  

a. See Troubleshooting 1 if JmjC KDM activity is difficult to observe. 
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Figure 2.1. Determining non-saturating JmjC KDM concentration. Two-fold 

dilution series of recombinant (A) KDM5A and (B) KDM3A enzymes, observing 

activity towards H3-K4me3 and H3-K9me2 peptides, respectively. The data 

represents the average of three luminescent readings and error bars represent 

the SEM (n=3). Figure for KDM5A was adapted from 124. Reprinted with 

permission of Star Protocols – Cell Press.  
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Validate KDM methyl-state preference 

Timing: 4 hours 

This step aims to validate the methyl-state preference (i.e., mono-, di-, tri-

methylation) of the recombinant JmjC KDM for an established substrate. This is 

important as many JmjC KDMs have been shown to be capable of discriminating 

between different methyl-states of the same substrate. As the peptide libraries 

used for this method are synthesized as one methyl-state, this validation should 

be performed prior to commercially ordering or synthesizing the full peptide 

permutation library. Given the optimal concentration of the JmjC KDM 

determined in the previous step, the JmjC KDM activity can be monitored by 

performed reactions with peptide substrates of different methylation states. For 

assay validation, it is important to include an unmethylated substrate and a ‘no 

peptide control’ (NPC) alongside the standard NEC. 

Critical: Some JmjC KDMs can convert 2-oxoglutarate to succinate in an 

appreciable extent in the absence of methylated peptide substrate. As a result, a 

‘no peptide control (NPC) is critical to use going forward to assess the true level 

of relative demethylation activity (Table 2.3). 

15. Thaw 40 µM wild-type substrate (including null-, mono-, di-, and tri-methyl 

state peptides) on ice. 

16. Repeat step 1-3, except using 2X Reaction Buffer (similar to 2X Reaction 

Buffer/Peptide Mix minus peptide substrate). 

a. Keep 2X Reaction Buffer on ice or at 4°C for same day use. 
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17. Add 1.25 µL of 40 µM wild-type peptide substrates, individually, to each 

experimental well containing 2X Reaction Buffer. 

a.  For the NPC, use 1.25 µL of 1X PBS. 

Note: If peptides were dissolved in a buffer other than 1X PBS, use the peptide 

buffer for the NPC. 

18. Thaw JmjC KDM stock protein on ice and dilute to 4X the optimal 

concentration determined in Step 14. 

a. Considering the number of experimental conditions requiring 

enzyme (5 in total), the volume of JmjC KDM needed per reaction 

(1.25 µL), and the number of replicates (e.g., n=3), make at least 

20.63 µL of 2X JmjC KDM (this is 10% excess of the minimum 

volume needed (18.75 µL)). 

b. Perform the protein dilution with the JmjC storage buffer. 

19. Set Peltier device to 23°C (or appropriate constant temperature). 

20. Add 1.25 µL of 4X JmjC KDM dilution to all experimental wells, except for 

the NEC. Add 1.25 µL JmjC KDM storage buffer to the NEC. 

21. Repeat Steps 8-13. 
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Table 2.3. Example of plate layout for testing JmjC KDM activity. KDM 

activity is towards differentially methylated peptides (monomethylation [Kme1], 

demethylation [Kme2], and trimethylation [Kme3]).  

Column 1 2 3 4 5 6 

Row A-C 

(n=3) 
NEC NPC Null Kme1 Kme2 Kme3 

 

 

22. For each condition, subtract the signal from that of the NPC to account for 

demethylation-uncoupled 2-oxoglutarate turnover. 

Optional: Represent methyl-state preference as relative JmjC KDM activity; 

normalize subtracted luminescent signals to that of the peptide displaying the 

highest signal. Again, using data analysis/ graphing software visualize the data to 

represent methyl-state preference (Figure 2.2). 
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Figure 2.2. Validation of JmjC KDM methyl-state preference. Methyl-state 

specificity of (A) KDM5A and (B) KDM3A towards differentially methylated H3-K4 

and H3-K9 peptides, respectively. KDM activity towards non-methylated, mono-, 

di-, and tri-methylated (i.e., me0/1/2/3) peptides at the indicated residues was 

assessed. Data represents the mean luminescence and standard deviation (n=3) 

normalized to the max signal. Figure for KDM5A was adapted from 124. Reprinted 

with permission of Star Protocols – Cell Press.  
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Determine JmjC KDM substrate preference by permutated peptide substrate 

(PPS) library 

Timing: 4 hours (per mutation position) 

These steps aim to map JmjC KDM substrate preference by monitoring 

activity towards all peptides in the PPS library. At this point, all peptides within 

the library should be methylated according to the preferred methyl-state (e.g., 

H3-K4me3 and H3-K9me2 for KDM5A and KDM3A, respectively). The 

experimental set-up is performed in the same manner as the previous section 

(methyl-state validation), except using permutated peptides alongside the wild-

type peptide and reaction controls (Table 2.4). In analyzing the data relative to 

the positive control (wild-type peptide) and negative controls (no peptide and no 

enzyme controls), one can determine the relative effect of individual amino acid 

mutations on JmjC KDM activity. 

Note: To limit variability in the start of reaction time between experimental 

conditions; it is recommended to assess JmjC KDM activity towards peptides 

representing one residue position of the PPS library at a time. 

Table 2.4. Example of plate layout for PPS library experiments. The following 

is set up for mutations in one residue position. Each single letter amino acid 

designation is representative of the amino acid substitution occurring in the 

mutated peptide substrate. 

 
Experimental permutated peptides Controls 

Column 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

Row  

A-D 

(n=4) 

R H D E N Q A G P I L V M F Y W S T C K NPC NEC 
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23. Thaw 40 µM peptide stocks for the PPS library position being tested on 

ice. 

24. Make fresh 2X Reaction Buffer (e.g., for each residue position, 242 µL of 

2X Reaction Buffer is required (22 conditions x 4 replicates x 2.5 µL = 220 

µL + 10% extra). 

25. Repeat Steps 1-3, using the freshly prepared 2X Reaction Buffer. 

26. Add 1.25 µL of 4X (40 µM) peptide, individually, to experimental wells 

containing 2X Reaction Buffer. For the NPC, use 1.25 µL of 1X PBS. 

Note: Again, if peptides were dissolved in a buffer other than 1X PBS, use that 

buffer for the NPC. 

Critical: Ensure each run of the experiment contains a reaction condition with a 

wild-type peptide. All mutation positions have a wild-type peptide. However, if 

mutation positions are not run in full, a wild-type peptide must be included. 

27. Thaw JmjC KDM stock on ice and dilute to 4X the optimal concentration 

determined in the previous step in JmjC storage buffer. 

Note: Consider the number of experimental conditions requiring enzyme (e.g., 

the volume of JmjC KDM needed per reaction well (1.25 µL), and the number of 

replicates (e.g., n=4), make 115.5 µL of 2X JmjC KDM (this is 10% excess of 

what is needed; 21 conditions x 4 replicates x 1.25 µL = 105 µL)). 

28. Set Peltier device to 23°C (or appropriate constant temperature). 
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29. Add 1.25 µL of 4X JmjC KDM solution to all experimental peptide 

conditions (wild-type peptide and mutant peptides) and the NPC well. Add 

1.25 µL JmjC KDM storage buffer to the NEC well. 

30. Repeat Steps 8-13. 

31. For each condition, subtract the average signal of the NPC to account for 

demethylation-uncoupled 2-oxoglutarate turnover. 

32. To assess the relative effect of mutations on JmjC KDM activity; normalize 

substrate luminescent signals to that of the wild-type peptide. 

Note: Normalization is achieved from dividing the luminescent signals of 

reactions with experimental peptides by that of the WT peptide. This is critical to 

gauge the relative effect of individual mutations on enzyme activity. 

33. Repeat Steps 23-32 for each mutation position. 

Optional: Represent relative activity data as a heat-map to visualize JmjC KDM 

substrate preference (Figure 2.3) using basic data analysis software (e.g., 

Microsoft Excel). 
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Figure 2.3. Representation of KDM substrate preference as a heat-map. 

Relative activity of recombinant (A) KDM5A and (B) KDM3A were assessed 

towards permutation libraries of their corresponding canonical substrates of 

preferred methyl state (i.e., H3-K4me3 and H3-K9me2, respectively). Data 

represents the mean luminescence normalized to the luminescence of their 

corresponding canonical substrates (n=3). X-axis and y-axis represent the wild-

type peptide sequence and amino acid substitutions, respectively. Location of 

wild-type peptide (i.e., relative activity 1.0) spots are defined by the pink borders. 

Figure for KDM5A was adapted from 124. Reprinted with permission of Star 

Protocols – Cell Press. 
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JmjC KDM recognition motif generation, substrate prediction & in vitro validation 

Timing: 1-2 hours  

The major aim of this step is to use JmjC KDM substrate preference to 

prioritize peptides to be tested for in vitro KDM activity. Peptide Specificity 

Analyst (PeSA) software can be used to easily produce a candidate KDM 

recognition motif 125. In turn, these candidate recognition motifs can then be used 

to score and prioritize the methyllysine proteome for candidate substrates.  

34. Download and open PeSA software (Topcu and Biggar, 2019; also 

available at https://github.com/EmineTopcu/PeSA). 

35. Select “Permutation Array” tab at the menu. 

36. Click “Load from File” and upload your JmjC KDM quantification matrix. 

 

Note: The quantification matrix can be uploaded with either the relative activity 

values or the background subtracted luminescent values. If the latter, 

normalization to the wild-type luminescent values in each position can be 

performed within the software to obtain relative activity values. Under 

“Normalized”, select “Per Row/Column”  

Note: Experimentally, only the residue positions flanking the methylation site are 

assessed. However, to maintain the central target lysine within the visualization 

of the recognition motif; in the quantification matrix one can assign the central 

methylated K the relative value of “1” and all other mutations in this central 

position as “0”.  

37. Set the “Threshold” to the desired the value.  
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Note: In this context the “Threshold” defines the minimum level of relative JmjC 

KDM activity for an amino acid substitution to be included within the candidate 

recognition motif. Keep in mind that stringency increases with higher threshold 

values. 

Alternative: Another threshold value may be used and should be considered 

when troubleshooting Problem 2. Figure 2.4 represents KDM5A and KDM3A 

recognition motifs set at various threshold values (e.g., 0.25, 0.5, 0.75, and 1.0). 
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Figure 2.4. Representation of the screening data as PeSA generated 

sequence motif. The recognition motifs for (A) KDM5A and (B) KDM3A depict 

amino acid substitutions maintaining a minimum level relative activity defined by 

the threshold values on the y-axis. Motif images created using PeSA software125. 

Figure for KDM5A was adapted from 124. Reprinted with permission of Star 

Protocols – Cell Press. 
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38. Obtain the recognition motif under the “motif” tab on the left-hand side of 

the window. 

39. Score peptides that possess windows which reflect known methylation 

sites in the methylproteome, using the PeSA generated candidate 

recognition motif. 

a. Each position in the queried sequence which shares an amino acid 

with the recognition motif contributes a value of 1 to the total score. 

An example of scoring is provided in Table 2.5. 

Note: Given the recognition motif produced and Kme position, ensure that the 

queried windows are of the same length and Kme residue in question is in the 

correct position. The PeSA score reflects the number of residues in the queried 

peptide matching those in the recognition motif at their corresponding positions. 

As a result, the predictions were made based on a 9-residue recognition motif, 

and therefore, the highest possible score obtainable is a total PeSA score of 9 

(i.e., for windows exactly matching the recognition motif) (Table 2.5).  
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Table 2.5. Example of motif-based scoring. Example of motif-based scoring. 

Example of scoring 9-mer sequences with KDM3A motif (defined by amino acids 

maintaining at least 100% relative activity). Tolerable amino acids at each 

position are shown in brackets. Matching and mismatching residues, compared 

to the motif, are shown in green and red, respectively. PeSA score is defined by 

the number of matching residues. 

Protein-

site 

Queried 

Sequence 

Position and tolerable substitutions within motif 

PeSA 

Score 
-4 

[CRGQ] 

-3 

[RIQCVAKT] 

-2 

[A] 

-1 

[R] 

0 

[K] 

+1 

[RTS] 

+2 

[T] 

+3 

[MG] 

+4 

[G] 

H3-K9 

(known) 
QTARKSTGG Q T A R K S T G G 9 

RPA2-

K693 

(unknown) 

CQMGKQTMG C Q M G K Q T M G 6 

 

40. Determine mean (μ) and standard deviation (σ) of PeSA scores across all 

queried peptide sequences. 

41. To define high-ranking peptide sequences, determine the PeSA score 

corresponding to 2 standard deviations above the mean. 

a. For KDM5A, using the 0.5 relative activity recognition motif, a PeSA 

score of 9 reflects high-ranking peptide sequences (μ = 6.6, σ = 

1.2) (Fig. 2.5). 

42. Repeat steps 23-32 in the previous section, except using high-ranking 

peptides instead of PPS library peptides to validate the in vitro activity of 

substrate predictions/rankings. 
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a. See Troubleshooting 2 if JmjC KDM shows no activity to none, or 

few, of the predicted JmjC KDM substrates 

Note: If the focus is purely on JmjC KDM substrate discovery, we recommend 

testing as many of the high-ranking peptides as possible, if not all. However, if 

the user is also interested in assessing whether the method accurately predicts 

or enriches in highly active in vitro substrates for the select JmjC KDM, one can 

assess a select number of random substrates with high-, medium-, and low-

ranking PeSA scores. 

 

Expected outcomes 

In our experience, PeSA scores of large lists of peptide sequences (e.g., 

methylproteome; n=2155 sequences) follow a Gaussian distribution. For 

example, Figure 5 shows the distribution of PeSA scores of methylproteome 

sequences, scored with the 0.5 relative activity recognition motif of KDM5A. 

Thus, applying appropriate thresholds, based on standard deviation, to classify 

substrates as ‘high-ranking’ will result in a small number of candidate substrates 

to test in vitro JmjC KDM activity. 

If testing relative JmjC KDM activity towards predicted substrates, we 

expect PeSA scores to correlate with in vitro JmjC KDM activity. For example, 

you could test JmjC KDM activity towards various high, medium- and low-ranking 

substrates. Ideally, one should observe no or minimal displayed JmjC KDM 

activity towards any of the medium and low-ranking substrates. Likewise, there 

should be observed JmjC activity towards a handful of the high-ranking 



69 
 

substrates. Ultimately, this added step of validation does prioritize several 

potential substrates to refine and focus further validation efforts on. 
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Figure 2.5. Distribution of peptide scores for predicted KDM5A substrates. 

Gaussian distribution of PeSA scores of methylproteome peptides scored with 

the 0.5 relative activity KDM5A recognition motif. High- and low-ranking 

substrates are defined by PeSA scores occurring 2 standard deviations (σ = 1.2) 

above (or equal to) or below (or equal to) the population mean (μ = 6.6), 

respectively. Reprinted with permission of Star Protocols – Cell Press. 
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Limitations 

Limitation 1 

A limitation to consider is that the relative importance of the individual 

amino acids at each position in the recognition motif is determined in the context 

of a fixed sequence and thus sequence bias may influence the results. This is a 

consequence of using permutation-based exploration of enzyme specificity. It is 

certainly possible that the relative importance of a given amino acid is only 

observable when occurring in the presence of specific amino acids at other 

positions. Supporting this, and in the context of methyl-binding domains, 

JMJD2A-double Tudor domain binding to permutations of H3-K23me3, H3-

K4me3, and H4-K20me3 show distinct specificities depending on wild-type 

sequence used 126. 

 

Limitation 2 

The protocol defined here assumes recognition of substrates by a given 

enzyme is specified by the residues directly proximal to the modification site (i.e., 

-4 to +5 positions). Although this has been shown to be the case for many KMT 

enzymes, and for Suv39H2 the +5 position also determines specificity 127, 

recognition of substrates may also be determined by more distant interactions. 

Additionally, on the H3 tail, more distal sequence elements were recently shown 

to be important for KDM5A-dependent demethylation of the H3-K4 site 74. 
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Troubleshooting 

Problem 1: 

Low level of observable enzyme activity (i.e., low signal-to-background 

ratio). This problem is referring to corresponding protocol step 14.  

Potential solution 1: 

A low observable enzyme activity could be due to several factors such as 

reaction buffer composition, pH, temperature, time, as well as substrate and 

cofactor concentration. Each factor mentioned may be optimized individually. 

Additionally, additives may affect enzyme activity. For example, KDM3A activity 

may be improved nearly two-fold by addition of TCEP at certain concentrations, 

whereas higher concentrations of sodium chloride hinder KDM3A activity 128. 

Furthermore, peptide length may influence the level of enzyme activity. For 

example, the affinity of KDM3A for the H3-K9 substrate has been observed to be 

nearly 200-fold greater when using 21-mer peptides compared to 15-mer 

peptides 128,129. 

Furthermore, if the level of uncoupled 2-oxoglutarate conversion (i.e., 

succinate production in absence of peptide) is relatively high compared to 

succinate formation in the presence of peptide; true demethylation activity may 

be difficult to observe using this assay or other assays detecting 2-oxoglutarate 

turnover. If this is the case, we suggest using assays directly assessing 

demethylation (e.g., formaldehyde turnover). However, if a significant difference 

is still able to be observed between the two conditions (i.e., JmjC KDM activity in 

the presence of peptide verses no peptide), succinate detection may still be a 
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feasible technique. In this case, the uncoupled 2-oxoglutarate conversion must 

be considered as a baseline. 

 

Problem 2: 

The JmjC KDM assessed shows no activity to none, or few, of the 

predicted JmjC KDM substrates. This problem is referring to corresponding 

protocol step 42. 

Potential solution 2:  

No activity towards any of the substrate predictions could be due to 

several factors, such as limitations inherent to permutation-based exploration of 

specificity. The latter cannot be addressed by adjusting variables within this 

protocol and would need to be resolved by assessing specificity in another 

manner or by using multiple substrate permutations. However, the adjustable 

variables include reducing the stringency of substrate predictions to be more 

permissive for substrate discovery (i.e., use recognition motif defined by a lower 

activity threshold). It may also be beneficial to test activity of the given JmjC KDM 

at multiple substrate concentrations. Finally, and related to Limitation 2, the 

critical positions defining specificity may exist outside of the permutated positions 

and thus it may be beneficial to expand this window and re-predicting substrates 

based on this expanded recognition motif. 
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Resource availability 

Lead contact 

Further information and requests should be directed to and will be fulfilled 

by the lead contact Dr. Kyle Biggar (kyle_biggar@carleton.ca) 

Materials availability 

This protocol is not associated with any newly generated materials. 

Data and code availability 

The protocol includes the methylproteome accessed from 

PhosphoSitePlus on 12-03-2020130.  
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Chapter Summary  

As demonstrated in the Chapter 2, we were able to develop a robust 

assay to relatively quantify JmjC KDM substrate preference. Using this approach, 

we demonstrated an ability to predict and rank methyllysine-containing proteins 

in the methyllysine proteome. Once optimized and developed, we then sought 

out to apply our method and determine if we could validate the JmjC KDM-

mediated demethylation of a high-ranking substrate in an in vitro context. The 

result was a successful prediction and assessment analysis of the ability of 

KDM5A1-801 to demethylate a handful of high-ranking substrates in vitro. This 

Chapter is based on a paper published in Analytical Biochemistry that describes 

how we applied this method to KDM5A1-801 to accurately predict high-ranking 

substrates, as well as validate select substrates in vitro. This paper represents 

our first attempt to apply our full method to a KDM5 enzyme in hopes to 

determine potential novel KDM5 substrates to focus further validation efforts.  

Briefly, through the application of a library of permutated peptide 

substrates coupled with a succinate-based detection assay, we were able to 

systematically determine KDM5A1-801 substrate preference. To reiterate, our 

method utilizes a library of tri-methylated peptides that are systematically 

mutated from an established substrate peptide. By using the well-characterized 

H3K4me3 peptide substrate, 180 mutated H3K4me3 peptide substrates 

containing a single amino acid mutation from the -3 position, to +5 position 

around the K4 tri-methylated lysine residue were produced. Using this highly 

specialized permutated peptide substrate (PPS) library, we were able to assess 
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position-specific amino acid preferences displayed by KDM5A1-801 through 

observing its activity towards each of the systematically mutated substrates. The 

result of obtaining this relative activity is the production of a recognition motif 

which was used to predict potential KDM5A1-801 substrates. Finally, we 

synthesized trimethylated peptides that represented high-ranking predicted 

KDM5A substrates and assessed KDM5A1-801 activity towards these substrates in 

vitro. Our analysis showed that our approach was 90% accurate in predicting in 

vitro substrates. Ultimately, we demonstrated the first systematic analysis of any 

JmjC KDM substrate preference and used this data to accurately predict potential 

novel substrates for a KDM5 demethylase family member.  

 

Manuscript Summary 

A major regulatory influence over gene expression is the dynamic post 

translational methylation of histone proteins, with major implications from both 

lysine methylation and demethylation. The KDM5/JARID1 sub-family of Fe(II)/2-

oxoglutarate dependent lysine-specific demethylases is, in part, responsible for 

the removal of tri/dimethyl modifications from lysine 4 of histone H3 (i.e., 

H3K4me3/2), a mark associated with active gene expression. Although the 

relevance of KDM5 activity to disease progression has been primarily established 

through its ability to regulate gene expression via histone methylation, there is 

evidence that these enzymes may also target non-histone proteins. To aid in the 

identification of new non-histone substrates, we examined KDM5A in vitro activity 

towards a library of 180 permutated peptide substrates derived from the 
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H3K4me3 sequence. From this data, a recognition motif was identified and used 

to predict candidate KDM5A substrates from the methyllysine proteome. High-

ranking candidate substrates were then validated for in vitro KDM5A activity 

using representative trimethylated peptides. Our in vitro approach correctly 

identified activity towards 90% of high-ranked substrates. Here, we have 

demonstrated the usefulness of our method in identifying candidate substrates 

that is applicable to any Fe(II)- and 2-oxoglutarate dependent demethylase.  

 

Introduction 

Histone proteins and their diverse array of post-translational modifications 

(PTMs) have been subject to exquisite evolutionary conservation in eukaryotes. 

Accordingly, factors controlling the deposition, removal, and interpretation of 

histone modifications are themselves deeply conserved. Additionally, many of 

such factors are strongly involved in the development of cancer and other 

diseases in humans80,93,131. One of the most well-studied types of PTMs 

occurring on histones is the methylation of lysine residues. Specific lysine 

residues on histone proteins can be mono-, di-, or tri-methylated (Kme1, 2, 3) 

and these methylation states have distinctive mechanistic consequences 

reflected by the recruitment of binding proteins with differential affinities for each 

methylation state30,58,115,132. The regulation of histone lysine methylation requires 

enzymes that read, write, and erase methyl marks on histone proteins in a 

sequence-specific manner. Methyl-lysine binding domains (MBD) are commonly 

referred to as the “readers” of the modification3,30. In this way, lysine 
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methyltransferase (KMT) enzymes can be considered the “writers” and lysine 

demethylase (KDM) enzymes the “erasers” of lysine methylation3,29,51. To date, 

there are currently two known families of KDM enzymes; flavin adenine 

dinucleotide (FAD)-dependent amine oxidases and the larger Jumonji C domain 

(JMJD) containing demethylases58. This large JMJD-containing family of KDMs 

functions as Fe2+ and 2-oxoglutarate-dependent dioxygenases, which is 

represented by a diverse family of over 30 demethylases enzymes classified into 

several subfamilies29,48,51,69. Overall the JMJD family of KDM enzymes 

demonstrate a wide range of histone-lysine-containing sequence specificity and 

demethylation of different methylated lysine states51.  

The number of non-histone methyl-lysine sites for which there is an 

identified KMT or KDM enzyme continues to grow, but remains outpaced by the 

discovery of new methylation sites via mass spectrometry (MS)-based 

methods99,100,133,134. To date, more than 6,000 unique methyl-lysine sites, across 

over 2,000 unique human proteins have been identified, but very few of these 

identified sites have been linked to a methyl-modifying enzyme71. A number of 

proteomic methods have been developed to help identify substrates of both 

KMTs and KDMs, yet the discovery of KMT substrates have vastly outpaced 

those of KDM enzymes due to the absence of a systematic screening platform to 

map substrate selectivity90,95,96,99. For KMT enzymes, the use of peptide arrays 

(either systematic mutations of a known substrate or a lysine-oriented peptide 

libraries (K-OPL)) have been successfully used to generate substrate selectivity 

profiles for any KMT enzyme135,136. In vitro sequence preferences can then be 
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used to rank all lysine methylation sites within the methyl-lysine proteome by the 

likelihood of its use as a substrate. Similar rapid screening platforms have not 

been developed for KDM substrate discovery, resulting in a comparatively stark 

lack of non-histone substrates identified for these enzymes.  

To expand the enzyme-substrate information available for KDM enzymes, 

there has been a number of methodologies developed that examine and 

characterize catalytic activity towards their substrate protein(s). Traditionally, 

radioactive and enzyme-coupled assays have been well-documented methods to 

study histone lysine demethylation85,87. These assays function on the principle of 

measuring either the depletion or production of reaction products, such 

radioactively labelled 3H-SAM or 2-oxoglutarate and peptide substrates85,87. 

Recently, there has been an increase in the use of bead-based techniques, 

including the Amplified Luminescent Proximity Homogenous Assay (ALPHA) and 

Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET)87,89. 

These bead-based methods offer signal sensitivity and large library size which 

allows for high-throughput screening88,89. However, the high cost and labor-

intensive initial screening and library preparation are key disadvantages to these 

techniques87,89,90. In contrast, MS-coupled assays have also been a commonly 

used method to derive quantitative data for KDM activity, although low 

throughput is a major disadvantage with this approach87,98,100. Here, we report on 

the development of an in vitro platform that relies on succinate-based detection 

to measure KDM activity to map KDM selectivity and predict new candidate 

substrates123.  



82 
 

To demonstrate the utility of our approach to identify in vitro substrate 

preference, we used KDM5A as our prototype example of a JMJD-containing 

demethylase with well-documented activity43,64. The KDM5/JARID (Jumonji, AT-

rich interactive domain) sub-family of JMJD-containing KDMs consists of 4 

members: KDM5A/B/C/D29,48,69. The KDM5 sub-family catalyzes the 

demethylation of tri- and di-methylation groups from lysine 4 of histone H3 (i.e., 

H3K4me3/2), the canonical and only known substrate of this family28,48,69. As a 

result, majority of studies to date have revolved around the ability of KDM5 to 

regulate gene expression through regulation of H3K4 methylation status.69. More 

recently, KDM5 research has begun to focus further on characterising the KDM5 

family. This research has demonstrated growing evidence that KDM5 enzymes 

may be capable of demethylating non-histone proteins69,137. Such findings are 

vital as the identification of substrates beyond H3K4me3/2 could help better 

define the role(s) of KDM5 in both normal and disease biology6,69,93. To support 

the growing need of a systematic method to predict KDM substrates, we 

developed a method to study substrate preference. This method is derived from 

peptide permutation array-based assays that are typically used for KMT 

substrate prediction, as well as KDM demethylation assays to relatively 

determine activity. Our method utilizes a panel of unique lysine methylated 

peptides derived by systematically mutating an established substrate peptide. 

Using this highly specialized permutated peptide substrate library, it is possible to 

determine position-specific amino acid preferences displayed by any JMJD KDM 

enzyme with at least one established substrate. Through observing relative 
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activity towards each of the mutated substrates it can be concluded which 

mutations result in a relative increase or decrease in KDM activity. Collectively, 

through using this information of in vitro substrate preference, a KDM recognition 

motif can be produced and used to determine a ranked list of candidate 

demethylation substrates.  

 

Materials and Methods 

Recombinant KDM5A expression and purification  

Spodoptera frugiperda (Sf9) cells (Novagen) were maintained at 27 oC 

in a humidified chamber in Grace’s Insect Media (Gibco) supplemented with 

10% fetal bovine serum (Gibco) and Penicillin-Streptomycin (Gibco). For 

recombinant KDM5A1-801 protein purification, Sf9 cells (500 mL at 106 cells/mL) 

were infected with KDM5A-6XHis P3 baculovirus (Bacmid received from SGC) 

at a 1:100 ratio. Cells were grown propelling at 130 rpm for 60 hrs at 27oC. 

Cells were collected by centrifugation, snap frozen and stored at -80 oC. Cells 

were then resuspended in P5 buffer (50mM NaHPO4 (pH 7), 500 mM NaCl, 

10% glycerol, 0.05% TritonX-100, 1 mM DTT, 5 mM Imidazole) supplemented 

with protease and phosphatase inhibitors (1 mM PMSF, 0.5 μM Aprotinin, 10 

μM E-64, 1 μM Pepstatin, 1 mM Na3VO4). Cells were lysed through 15 passes 

through a Dounce homogenizer at 4 oC. Cells were subsequently sonicated 3x 

for 30 sec at 40% amplitude intensity followed by another 15 passes through a 

Dounce homogenizer at 4 oC.  Cells were then centrifuged at 16,000 RPM for 

45 min at 4 oC. The recombinant protein was purified via standard Ni-NTA 



84 
 

chromatography. Briefly, the soluble cell lysate was incubated with 250 μL 

HisPur™ Ni-NTA Resin (Thermo Fisher Scientific)  for 2.5 hrs at 4 0C and 

washed with P40 buffer (P5 buffer containing 40 mM imidazole). Recombinant 

protein was eluted with P500 buffer (P5 buffer containing 500 mM imidazole) 

then dialyzed overnight into storage buffer (25 mM HEPES (pH 7.5), 150 mM 

NaCl, 10% glycerol, 1 mM DTT) using 3.5 kDa molecular weight cut-off dialysis 

tubing (SnakeSkin® Dialysis tubing, Thermo Scientific). Protein concentration 

was quantified through a standard Bradford assay138. Proteins were snap-frozen 

in liquid nitrogen and stored at -80 oC for later use.  

 

Peptide Synthesis 

Peptides were synthesized de novo in house using a ResPep SL (Intavis 

Bioanalytical Instruments) peptide synthesizer. Fmoc protected amino acids, 

including lysine methylated amino acids, were purchased from p3bio systems. 

Standard Fmoc chemistry was used to produce peptides on Rink amide resin 

(p3bio systems). After synthesis, peptides were cleaved from the resin and side 

chains were deprotected using an acidic cleavage solution (95% trifluoroacetic 

acid, 3% triisopropylsaline, and 2% water). Peptides were precipitated and 

washed with ice-cold diethyl ether. Peptides were resuspended in 1X PBS 

solution, quantified, aliquoted and frozen until needed. SDS-PAGE was used to 

visualize synthesized peptides and MS was used to validate mass (Appendix B, 

Fig. B1).  
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To design our library of mutated substrate peptides, we systematically 

mutated the H3K4 sequence (ARTKQTARKSTGGKA; K4 position underlined). In 

essence, each peptide, trimethylated at K4, contains a single amino acid 

mutation to one of the remaining 19 amino acids in the positions surrounding the 

substrate site. For our analysis of H3K4, we mutated the -3 position to +5 

position around the trimethylated K4 position (i.e., ARTKme3QTARK; K4 position 

underlined).  

 

KDM demethylation assay 

All KDM5A1-801 in vitro enzyme characterization assays and permutated 

peptide substrate library experiments were performed as described. All reactions 

took place in demethylase reaction buffer (25 mM HEPES (pH 7.5), 10 µM 

peptide substrate, 100 µM ascorbate (J.T Baker Chemical Co), 10 µM Fe(II) 

sulfate (BDH chemicals), 10 µM α-ketoglutarate (Sigma Aldrich), 1% v/v DMSO) 

for 1 hr at 23 oC in a 384-well Corning flat-bottom microplate. Following 

incubation, succinate detection reagents were added (Succinate Glo™ JMJC 

Demethylase Assay; Promega Corp.) according to manufacturer’s instruction. 

Briefly, 5 µL of Succinate detection reagent I was added and incubated for 60 

min to quench the demethylation reaction and convert succinate product to ATP. 

After, 10 µL of Succinate detection reagent II was for 10 min added to convert 

ATP to light. After 10 min, luminescence was read using a Cytation 5 plate 

reader (Bio-Tek, Winooski, VT). A KDM5A1-801 2x dilution curve (Fig. 3.1) was 

used to determine the concentration of KDM5A1-801 we observed maximum 
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activity with established reaction conditions. Once the maximum activity was 

observed, 80% of this enzyme concentration was used for all further activity 

assays. 

All KDM5A1-801 permutated peptide substrate library experiments were 

performed similarly as described above. Briefly, 2.5 µL of 2X reaction buffer 

(without peptide substrate) was aliquoted to a 384-well plate at 4 oC. While at 

4oC, 1.25 µL of 40 µM permutated substrate peptide were added. Temperature 

was increased to 23 oC and 1.25 µL of 4X (100 nM) KDM5A in 25 mM HEPES 

(pH 7.5) were added to the reaction. The reactions proceeded for 1 hr at 25 oC, 

followed by the addition of the succinate detection reagents, quenching, and 

measuring luminescence as described above.  

 

Western blotting 

Proteins were separated on a standard 8% tris-glycine SDS-PAGE gel 

and transferred to 0.45 µm PVDF membrane (GE Healthcare Life Sciences). 

Immunoreactive bands specific to KDM5A were detected using anti-KDM5A 

primary antibody (1:800; Santa Cruz Biotechnology, sc-365993) and rabbit anti-

mouse HRP-conjugated secondary antibody (1:10,000; ThermoFisher Scientific, 

31450). Bands were visualized via chemiluminescence using Clarity™ Western 

ECL Substrate with a Gel Doc™ XRS+ Imaging system (Bio-Rad).  
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Data analysis 

Demethylation activity data derived from the permutated H3K4 peptide 

substrate library was used to determine the KDM5A substrate recognition motif 

using Peptide Specificity Analyst (PeSA) software125. Weight-based KDM5A 

substrate recognition motifs were constructed using Peptide Specificity Analyst 

(PeSA) software. PeSA allows a user-defined threshold that is set relative to a 

defined positive control (i.e. H3K4me3 peptide) 125. The threshold reflects the 

minimum activity required for any mutated peptide substrate to demonstrate 

KDM5A1-801 activity.  The recognition motif was used to identify candidate 

substrates and works by identifying specific combinations of amino acids in 

potential substrates that are predicted to display KDM5A activity125.  

 

Results  

Succinate-based demethylation detection assay   

The commercially available Promega Succinate-Glo™ assay monitors 

succinate production as a measure of KDM activity92,93,123,139 (Fig. 3.1A). First, an 

optimal enzyme concentration was identified via an enzyme titration curve (Fig. 

3.1B). A KDM5A1-801 enzyme concentration range between 4 – 32 nM was found 

to produce a suitable dose-responsive signal (Fig. 3.1C). As a result, an optimal 

KDM5A1-801 concentration of 25 nM was used for all subsequent demethylation 

reactions.   

As KDM5A exhibits catalytic activity towards specific methylation states, 

(i.e., Kme1 vs. Kme3), we aimed to then confirm the methyl-state specificity of 
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KDM5A1-801 for H3K4me0/1/2/3 peptides (Fig. 3.1D). As expected, KDM5A1-801 

demethylation of H3K4me3 was the most active, whereas the H3K4me2 

substrate demonstrated 51% of the relative H3K4me3 activity (p < 0.05). The 

H3K4me1/0 substrates did not produce a signal significantly above background 

level. Similarly, no measurable activity was found for either the no peptide or no 

enzyme negative controls. From this data, we were confident the KDM5A1-801 

enzyme concentration, reaction parameters and succinate-based detection assay 

were optimized to study the KDM5A1-801 substrate preference through the 

permutated peptide substrate library.  
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Figure 3.1. KDM5A activity toward H3K4 peptides. A. Reaction mechanism for 

histone H3K4 methylation/demethylation. In vitro assay performed in 

Demethylase assay buffer (10 μM tri-methylated histone H3 peptide substrate, 

100 μM ascorbate, 10 μM Fe (II) and 10 μM 2-oxoglutarate). Succinate detection 

reagents added in a 1:1:2 ratio. B. SDS-PAGE and western blot images showing 

purified KDM5A1-801 used in this study. C. Luminescence-based detection of 

KDM5A1-801 demethylation of WT H3K4me3 peptide. Luminescence averages 

were normalized by background signal. Results are mean ± std. error (n=3). D.  

Luminescence detection of KDM5A1-801 demethylation of H3K4me0, H3K4me1, 

H3K4me2, and H3K4me3 peptides. Luminescence averages were normalized by 

background signal, and relatively quantified to H3K4me3 peptide luminescence 

(set to 1). Results are mean ± std. error (n=3). * indicates p < 0.05 from me3 

data. Reprinted with permission of Analytical Biochemistry. 
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Application of a peptide library to determine substrate preference  

As H3K4me3/2 is the only known protein substrate for KDM5A, our novel 

permutated peptide substrate library was based on the systematic mutation of 

the H3K4 sequence surrounding the lysine 4 methylation site 

(ARTKQTARKSTGGKA; methylated K4 position underlined). This resulted in a 

library of 180 unique peptide sequences, whereby each peptide contains a single 

amino acid mutation to one of the remaining 19 amino acids, from the -3 position 

to +5 position around the trimethylated K4 position (i.e., 

ARTKme3QTARKSTGGKA; K4 position underlined, permutated region in italics). 

KDM5A1-801 activity towards each permutated peptide was then assessed by 

demethylation assay (Fig. 3.2A). Figure 3.2A demonstrates a visual 

representation of the mean KDM5A1-801 activity towards each permutated peptide 

in a virtual array-based format. Activity was monitored relative to the wild-type 

(WT) H3K4me3 (positive control, set to 1) and the H3K4me0 (negative control, 

set to 0) peptides. No peptide/enzyme controls were also included in all assays. 

This normalization strategy allows for the discovery of amino acid mutations that 

result in either an increase or decrease in in vitro KDM5A1-801 activity. With the 

relative demethylation activity derived from our permutated H3K4 peptide library, 

we then used Peptide Specificity Analyst (PeSA) software to determine a 

candidate substrate recognition motif125. We compared recognition motifs 

between 25%, 50%, 75% and 100% relative H3K4me3 activity thresholds (Fig. 

3.2B).  As observed, the further the recognition motif is restricted (i.e., higher 

threshold), the less tolerable amino acid substitutions become. At the lowest 
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activity threshold (25%), no motif could be discerned making further analysis with 

this threshold non-consequential. We decided to choose a relative H3K4me3 

activity threshold of 50% for our substrate predictions. This value was chosen to 

provide flexibility on amino acid substitutions and reduce stringency of 

downstream predictions.  

 

Identification of candidate demethylation substrates 

Using the candidate substrate recognition motifs, we then predicted 

candidate KDM5A substrates within the Homo sapiens methyllysine proteome 

(PhosphositePlus database; accessed on 12-03-2020)130. Using this database of 

over 2,000 lysine methylated protein sites, a list of candidate substrates was 

produced and scored against each of three recognition motifs (50%, 75%, or 

100% relative H3K4me3 activity). Candidate substrate scoring was accomplished 

using the PeSA algorithm125. PeSA predictions are based on the number of 

amino acid residues within a predicted substrate that match the tolerable amino 

acid substitutions determined by the KDM5A recognition motif. As we collected 

relative KDM5A1-801 activity from H3A1 (i.e., -3 position) to H3K9 (+5 position), 

surrounding the central trimethylated H3K4, predictions were made based on 9 

residues. Thus, the highest possible score obtainable, for windows exactly 

matching the recognition motif, is a PeSA score of 9. As we were able to identify 

a set number of candidate proteins each with a respective PeSA score, we 

applied a Gaussian distribution to each motif threshold (Fig. 3.3A). 
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Figure 3.2. Predicted KDM5A1-801 specificity by permutated peptide 

substrate library.  A. Detection of KDM5A (M1-L801) demethylation activity with 

H3K4me3 peptide substrates that contain single amino acid mutation. Data was 

normalized to the H3K4me3 peptide at each mutation position (set to 1 for each 

relative position). Results are mean of (n=3-4). Digitized depiction of permutation 

array was created using PeSA software and shows mean demethylation activity 

125 B. KDM5A recognition motifs derived from relative KDM5A demethylation 

activity towards permutated peptide substrate library. Each motif is reflective of 

amino acid substitutions that maintained 25%, 50%, 75%, and 100% of KDM5A 

activity relative to H3K4me3. Motif images created using PeSA software 125. 

Reprinted with permission of Analytical Biochemistry.  

 

 



93 
 

This allowed us to rank candidate substrates and defined high, medium and low-

ranking predictions. As a result, we observed how restricting, or relaxing, the 

relative H3K4me3 activity threshold can have adverse effects on the amount of 

candidate proteins considered to be high ranking. For example, when applying 

the 50% relative H3K4me3 activity threshold, as there are 54 protein sites that 

have a perfect PeSA score of 9. In contrast, only H3K4 has a perfect PeSA score 

of 9 at the 75% relative H3K4me3 activity threshold. 

To identify candidate KDM5A substrates, we used a permissive threshold 

of 50% activity relative to the H3K4me3 peptide. At a threshold of 50%, the 

methyl-lysine proteome has a mean PeSA score of 6.6 ± 1.2 (Fig. 3.3A). 

Therefore, we determined any substrate with a score greater than 2 SD of the 

mean PeSA score as “high ranked” (i.e., PeSA score = 9). Likewise, “middle 

ranked” substrates were classified with a score near the mean, and “low ranked” 

substrate with a score of lower than 4.2. In total, 54 substrates were ranked as 

high-confidence, 1,297 as medium-confidence, and 105 as low-confidence 

predictions as KDM5A substrates based on this approach.   

To validate the ability of our approach to rank in vitro substrates, we then 

assessed KDM5A1-801 activity towards a random 10 substrates from high, and 5 

substrates from both the low and medium-ranked classifications (Fig. 3.3B). This 

was accomplished by synthesizing trimethyl-lysine containing peptides with 

sequences matching the predicted demethylation site (+/- 5 residues: 11 total, 

including the trimethyl-lysine site). As seen in Fig. 3.3B, within the context of in 

vitro KDM5A activity, this method accurately differentiated between substrate 
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candidates ranked highly compared to those in the medium and low-ranked 

classifications (Fig. 3.3B). We observed that KDM5A1-801 displayed activity 

towards 90% of high ranked peptides (activity defined as greater than 50% of 

H3K4me3 activity). The method also successfully ranked substrates predicted 

not to have significant activity; no significant activity was detected for any 

medium or low-ranked substrates. Therefore, our method has provided nine 

candidate substrates in which KDM5A may actively demethylate, 2 of which are 

known to be functionally di-methylated (Table 3.1). Although in vitro reactions 

with peptide substrates do not fully encompass the specificity that exists between 

enzyme-substrate interactions, this method does prioritize a number of potential 

substrates to refine and focus further validation efforts95.  
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Figure 3.3. Quantification of relative KDM5A1-801 activity towards high, 

medium and low ranked substrates. A. KDM5A predicted substrates based on 

KDM5A recognition motif. A total of 2,155 known methylation sites (from the 

PhosphoSitePlus database) were scored against each KDM5A recognition motif. 

B. Detection of KDM5A1-801 demethylation activity towards high, medium and low 

ranked synthesized substrate peptides. Results are mean ± std. error (n=3). 

Reprinted with permission of Analytical Biochemistry. 
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Table 3.1. Candidate protein substrates of KDM5A 

Uniprot 

ID 

Gene  Residue  Methylation 

state  

Protein function 

 

P05305 EDN1 K127 Kme2140 Vasoconstrictor  

P34931 HSPA1L K189 Kme1140 Protein folding 

P63000 RAC1 K123 Kme1140 GTPase-mediated cell signaling 

P21854 CD72 K196 Kme1140 B-cell proliferation + differentiation 

O75367 H2AY K18 Kme1141  Chromatin regulator 

Q9NZM4 BICRA K404 Kme1140 Chromatin remodelling 

Q13330 MTA1 K532 Kme1, Kme2142 Transcription co-regulator 

Q03468 ERCC6 K297 Kme1, Kme2111 DNA damage repair 

Q86XP1 DGKH K1191 Kme3140 Lipid metabolism 
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Discussion 

While there have been many advancements dedicated to expanding 

knowledge of the methyl-lysine proteome, limitations surrounding systematic 

identification of KDM substrates persist. Identification of sites of protein 

methylation by MS has assisted in this hurdle, although many sites identified lack 

of a methyl-modifying enzyme that facilitates the addition or removal of these 

methylation modifications71. Various proteomic methods such as K-OPL arrays 

have been used to aid in the identification of KMT substrates135. The result is a 

vastly greater identification of KMT substrates compared to KDM substrates due 

to a lack of standard proteomic methods developed for rapid, yet systematic 

identification of KDM substrates. Here, we demonstrate a systematic method to 

overcome barriers in KDM substrate discovery through a combination of 

techniques using peptide permutation array-based binding assays along with 

demethylation activity assays to relatively determine KDM activity. However, it 

should be highlighted that this method does require the synthesis of many 

methylated peptides that can be cost-prohibitive without access to a peptide 

synthesizer.  

Through the analysis of KDM activity on systematic mutations of an 

established substrate (i.e., H3K4 for KDM5), we show that is possible to rank 

potential methylation sites based on their predicted potential to be demethylated 

in vitro. Our method ultimately led to an enrichment of candidate substrates that 

show potential as viable targets of KDM5A demethylation (Fig. 3.3). Based on an 

activity threshold of 50% of H3K4me3 demethylation activity, we determined the 



98 
 

candidate substrate recognition motif for KDM5A. This motif became the basis of 

our efforts to predict new substrates. Unlike other indirect methods of KDM 

substrate discovery that are based on protein interaction data, our permutation-

based method is able to provide insight into the residue preferences and may 

help to predict new substrates as the methyl-lysine proteome continues to 

grow95,96,136. Given the high effort and time required to validate such enzyme-

substrate relationships, such information is critical to prioritize the identification of 

new substrates. Ultimately, we successfully validated 90% of our high-confidence 

substrate predictions in vitro. Although we restricted our analysis to solely the 

testing of our method and not a complete exploration of all 54 high-confidence 

substrates, we identified nine new candidate substrates of KDM5A that should be 

further investigated within a biologically relevant system.  

Almost all studies to date have focused on the role of KDM5A to regulate 

gene expression through removal of the Kme3 and Kme2 modifications at the K4 

site in histone H369. Although this is clearly pertinent to the growing implications 

of how KDM5A may contribute to disease progression, how KDM5A specifically 

promotes cancer cell proliferation and drug tolerant persistent cells is still not yet 

entirely clear69,143. Given how dynamic and complex the methyl-lysine proteome 

has been shown to be, and the growing number of non-histone KMT substrates, 

it is critical to begin exploring new substrates that might facilitate the roles of 

KDM5A in disease69,93,103. Indeed, previous studies have already identified how 

the KDM5 family can manipulate a number of signaling pathways involved in cell 

growth, differentiation, apoptosis, and general cellular homeostasis78,80,103,104,144. 



99 
 

For example, it was observed that cytoplasm-localized KDM5C was shown to 

interact with Smad3, a mediator of the TGFβ signaling pathway137. Further, it was 

demonstrated that this cytoplasmic KDM5C-Smad3 interaction was dependent 

on catalytic activity137. Taken together, this provides the intriguing possibility that 

a KDM5 family member may target substrates outside of histones. In recent 

years, there has been a increase in evidence that histone methyl-modifying 

enzymes can also target non-histone substrates for methylation/demethylation56. 

Proteomic databases (such as PhosphositePlus) have collected thousands of 

lysine methylation sites in human proteins, majority of which are non-histone 

proteins130. With all these lysine methylation sites now identified, it is critical that 

methods be developed to help determine the methyl-modifying enzymes that 

regulate methylation at these sites and their functional implications69,93.  

Supporting our attempt to systematically identify non-histone targets of 

KDM demethylation, our analysis yielded the identification of metastasis-

associated protein 1 (MTA1)-K532 methylation as a candidate substrate for 

KDM5A. This analysis included the formation of an interaction network assessed 

through the STRING protein interaction database, in order to determine if any of 

the new 9 candidate substrates have been shown to physically interact or be 

associated in some regard with KDM5A (Fig. 3.4)145. MTA1-K532 methylation 

has been previously characterized as a non-histone substrate of the KMT G9a 

with functional implication in the association of  MTA1 with NuRD co-repressor 

and NuRF co-activator complexes as a result of regulating methylation status of 

the K532 residue 142,146. This dynamic relationship between MTA1 methylation 
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state and formation of co-activator/-repressor complex plays an essential role in 

chromosomal remodelling and the subsequent fate of transcription142,146. KDM5A 

is also known to physically interact with the NuRD complex to cooperatively 

control the expression of developmentally regulated genes147. Furthermore, 

MTA1-K532 is a substrate of the H3K4me1 monomethyl-demethylase, LSD1 

site142. Given that both LDS1 and KDM5A target the same H3K4 site, it is 

intriguing to hypothesize that KDM5A may also target MTA1-K532 for 

demethylation; insight that has been uniquely provided through our substrate 

preference analysis (Appendix C, Fig. C1).  

 

Conclusion  

As demonstrated, this method permits the systematic characterization of 

substrate preference for JMJD-type KDM enzymes. This is significant as it has 

been recently estimated that the methyl-lysine proteome may contain significantly 

more modification sites than that are currently known71. Using KDM5A as our 

model demethylase, our method has shown potential for refining substrates to a 

testable number of high-confidence sites. Ultimately, this approach is applicable 

to all JMJD KDM enzymes with at least one known substrate. It also holds 

potential as a method that can shed light onto new KDM substrates and spark 

much needed growth in the discovery of KDM-substrate networks, beyond 

histones. 
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Figure 3.4. Insight into biological relevance of predicted KDM5A substrates. 

STRING interaction network of in vitro candidate substrates of KDM5A. 

Interactions derived from the String protein interaction database 145. Reprinted 

with permission of Analytical Biochemistry. 
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Chapter Summary  

In Chapter 3, we demonstrated the ability to apply our method and 

pipeline to determine if our approach can accurately predict high-ranking 

substrates, as well as validate substrates in vitro. In this chapter, we will 

summarize how we have applied our method and pipeline to every KDM5 family 

member to identify 66 high ranking candidate substrates from within the KDM5 

family. This includes defining the substrate preference of each KDM5, prediction 

of substrates, and in vitro validation of all high-ranking substrates for each KDM5 

demethylase. Moreover, we have analyzed prediction success rate, as well as 

shown that we can monitor changes in cellular methylation in a handful of the 66 

high ranking candidate substrates as a response to KDM5 inhibition.  

Ultimately, this chapter defines specific cellular substrates that appear to 

be influenced by KDM5 inhibition. The following section are from my submitted 

manuscript that describes the full analysis of characterizing KDM5A/B/C/D 

substrate preference and identifying potential substrates. It also describes our in 

vitro validation of highly ranked substrates as well as investigating these 

substrates in a cellular context. Notably, this manuscript represents the first 

evidence that members of the KDM5 demethylase family may target non-histone 

proteins.  
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Manuscript Summary  

The KDM5/JARID1 sub-family are 2-oxoglutarate and Fe(II)-dependent 

lysine-specific histone demethylases that are characterized by their Jumonji 

catalytic domains. The KDM5 family is known to remove tri-/di-methyl 

modifications from lysine-4 of histone H3 (i.e., H3-K4me2/3), a mark associated 

with active gene expression. As a result, studies to date have revolved around 

KDM5’s influence on disease through their ability to regulate H3-K4me2/3. 

Recently, evidence demonstrated that KDM5’s may influence disease beyond 

H3-K4 demethylation, making it critical to further investigate KDM5 demethylation 

of non-histone proteins. To help identify potential non-histone substrates for the 

KDM5 family, we developed a library of 180 permutated peptide substrates 

(PPS), with sequences that are systematically altered from the wild-type H3-

K4me3 sequence. From this library, we characterized recombinant 

KDM5A/B/C/D substrate preference and developed recognition motifs for each 

KDM5 demethylase. The recognition motifs developed were used to predict 

potential substrates for KDM5A/B/C/D and profiled to generate a list of high-

ranking and medium/low-ranking substrates for further in vitro validation for each 

KDM5. Through this approach, we identified 66 high-ranking substrates in which 

KDM5 demethylases displayed significant in vitro activity towards. Herein, we 

looked to explore the potential of cellular validation of the KDM5 family-mediated 

demethylation of several of these candidate substrates. 
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Introduction 

Histone proteins and their diverse array of post-translational modifications 

(PTMs) have been subject to exquisite evolutionary conservation in 

eukaryotes148. Accordingly, the factors that control the deposition, removal, and 

interpretation of histone modifications are themselves deeply conserved, with 

many strongly impacting disease development148,149. As the dysregulation of 

these histone modifying enzymes become increasingly recognized as drivers of 

disease development, there has been a fundamental need to characterize the 

specific mechanisms that facilitate their function(s)115,150. One of the more recent 

well-studied PTMs on histones is the methylation of lysine residues115,150. 

Specific lysine residues on histone proteins can be mono-, di-, or tri-methylated 

(Kme1, 2, 3) and these methylation states have distinctive mechanistic 

consequences that can result from the recruitment of binding proteins specific to 

each methylated state115,151. The regulation of histone lysine methylation requires 

specific enzyme families that read, write, and erase methyl marks on histone 

proteins in a sequence-specific approach. The methyl readers of the histone 

code, or methyl-lysine binding domain (MBDs) proteins, bind to various lysine 

residues of varying degrees of methylation3,30. As a result, the methyl writers of 

the histone code are lysine methyltransferase (KMTs) enzymes and the methyl 

erasers are lysine demethylase (KDMs) enzymes3,29,51. There are two families of 

KDM enzymes. One of the KDM families are the flavin adenine dinucleotide 

(FAD)-dependent amine oxidase family, referred to as the KDM1/LSD family of 

demethylases29,51. The other KDM family is the Jumonji domain (JmjD) 

containing family of enzymes29,51. This family of JMJD-containing KDM functions 
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as Fe2+ and 2-oxoglutarate-dependent oxygenases29,48,69 and is the largest of the 

KDM families, containing 30 demethylases classified into several subfamilies29,51. 

In whole, the JMJD family of KDMs target a wide array of lysine methylation 

degrees and lysine-containing sequences for demethylation51. 

Recently there has been a large increase in experimental evidence 

through primary tumors and model systems that suggests a potential dynamic 

role the KDM5 family has as oncogenic drivers28,48,69,73,102,131,143,152. The KDM5 

family catalyzes the removal of methyl groups from tri- and di-methylated lysine 4 

of histone 3 (H3K4me3/2)48,69 and consists of four members: KDM5A, KDM5B, 

KDM5C and KDM5D. Evidence demonstrating how the KDM5 family functions to 

drive chemoresistance and drug-tolerant persister (DTP) cancer cells has 

supported these claims102,143. These revelations have made it clear how critical 

investigation into the molecular functions of this KDM5 family of demethylases is. 

As this family was only discovered in the last 15 years or so, there has been 

minimal research completed outside the scope of KDM5’s only known substrate, 

H3K448,70,79,153. This includes substrate interaction and gene transactivation in 

response to KDM5 expression48.  

As KDM enzymes have been identified to influence disease progression 

by their ability to regulate gene expression through removing histone lysine 

methyl modifications, there is also growing evidence that KDM enzymes are 

capable of demethylating non-histone proteins67,154. In fact. the number of 

identified KMT and KDM enzymes with non-histone substrates is steadily 

growing but remains outpaced by the discovery of methylated proteins by mass 
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spectrometry (MS)71,99,100. Currently more then 5000 unique sites of lysine 

methylation on more then 2500 unique proteins have been identified71. 

Unfortunately, very few of these identified sites have been linked to any methyl-

modifying enzyme71. As a result a number of proteomic methods have been 

developed to help identify substrates of both KMTs and KDMs, yet the discovery 

of KMT substrates have vastly outpaced those of KDM enzymes due to a lack of 

a systematic screening platform to map substrate selectivity90,95,96,99.  

Studies to date have revolved around the ability of KDM5 to regulate gene 

expression through removal of methyl-modifications at the histone H3K4 site48,69. 

However, the mechanism(s) through which the KDM5 family members 

differentially promote cancer cell proliferation and drug tolerant persistent cells is 

still not entirely clear69,143. Recently, KDM5 research has began to branch away 

from the ability of KDM5 to regulate specific gene expression and more towards 

characterising the contributions within the KDM5 family48,69. As a result, recent 

research has demonstrated growing evidence that KDM5 enzymes might too be 

capable of demethylating non-histone proteins6,69,137. Indeed the discovery of 

new substrates could help identify the new role(s) of KDM5 in diseased 

progression, beyond solely its function as solely a H3K4me3/2 demethylase6,69,93. 

To systematically identify potential novel protein substrates of the KDM5 family, 

we developed a method to study in vitro substrate specificity124. Our approach is 

derived from combining demethylation activity assays to determine relative 

KDM5 activity and peptide permutation array-based activity assays used for KMT 

substrate identification84,124. The method utilizes a library of trimethylated lysine-
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containing peptides derived by systematically mutating the canonical H3K4me3 

substrate peptide. Using this permutated peptide substrate (PPS) library, we can 

determine specific amino acid preferences displayed by the KDM5 family of 

demethylases. Using this information, recognition motifs can be proposed for 

each of KDM5A/B/C/D and used to predict a ranked list of candidate 

demethylation substrates to validate in vitro. Using this approach, we aim to 

prioritize the methyllysine proteome for KDM5 substrates and focus further 

validation research efforts on.  

 

Materials and Methods 

Recombinant KDM5A/B/C/D expression and purification  

Spodoptera frugiperda (Sf9) cells (Novagen) were maintained at 26 oC 

in a humidified chamber in Grace’s Insect Media (ThermoFisher Scientific, Cat# 

11605094) supplemented with 10% fetal bovine serum (ThermoFisher 

Scientific, Cat# 12484028) and 1% Penicillin-Streptomycin (ThermoFisher 

Scientific, Cat# 10378016). For recombinant protein purification, Sf9 cells (500 

mL at 106 cells/mL) were infected with P3 baculovirus for either KDM5A1-801-

6XHis (JARID1AA-c180 pFB-LIC-Bse), KDM5B25-770-6XHis (JARID1BA-c165 

pFB-LIC-Bse), KDM5C1-765-6XHis (JARID1CA-c022 pFB-CT10HF-LIC) or 

KDM5D1-775-6XHis (JARID1DA-c066 pFB-LIC-Bse) (generously gifted from the 

Structural Genomics Consortium (SGC) Toronto) at a 1:100 ratio. Cells were 

grown spinning at 120 rpm for 65 hours at 26oC. Cells were collected by 

centrifugation, snap frozen and stored at -80oC. Cells were resuspended in P5 

buffer (50mM NaHPO4 (pH 7), 500 mM NaCl, 10% glycerol, 0.05% TritonX-
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100, 1 mM DTT, 5 mM Imidazole) supplemented with protease and 

phosphatase inhibitors (1 mM PMSF, 0.5 μM Aprotinin, 10 μM E-64, 1 μM 

Pepstatin, 1 mM Na3VO4). Cells were lysed through 15 passes through a 

Dounce homogenizer at 4oC. Cells were subsequently sonicated 3x for 30 sec 

at 40% amplitude intensity followed by another 15 passes through a Dounce 

homogenizer at 4oC.  Cells were then centrifuged at 18000 x g for 45 min at 

4oC. The recombinant protein was purified via standard Ni-NTA 

chromatography. Briefly, the soluble cell lysate was incubated with 250 μL 

HisPur™ Ni-NTA Resin (ThermoFisher Scientific, Cat# 88221) for 2.5 hour 

at 40C and washed with P40 buffer (P5 buffer containing 40 mM imidazole). 

Recombinant protein was eluted with P500 buffer (P5 buffer containing 500 

mM imidazole) and dialyzed overnight into storage buffer (25 mM HEPES (pH 

7.5), 150mM NaCl, 10% glycerol, 1mM DTT) using 12-16kDa molecular weight 

cut-off dialysis tubing (FisherScienceEducation™, Cat# S25645F). Protein 

concentration was quantified through a standard Bradford assay138. Proteins 

were snap-frozen in liquid nitrogen and stored at -80oC for later use.  

 

Peptide Synthesis 

Peptides were synthesized de novo in house using a ResPep SL (Intavis 

Bioanalytical Instruments) peptide synthesizer. Fmoc protected amino acids, 

including lysine methylated amino acids, were purchased from p3bio systems. 

Standard Fmoc chemistry was used to produce peptides on Rink amide resin 

(p3bio systems). After synthesis, peptides were cleaved from the resin and side 
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chains were deprotected using an acidic cleavage solution (95% trifluoroacetic 

acid, 3% triisopropylsaline, and 2% water). Peptides were precipitated overnight 

at -20oC with ice-cold diethyl ether and washed the next day with ice-cold diethyl 

ether and allowed to dry overnight at 23oC.  Peptides were resuspended in 1X 

PBS solution, quantified, aliquoted and frozen at -20oC until needed.  

 

Permutated peptide substrate (PPS) library and ranked peptide design 

To design our library of permutated peptide substrates, we systematically 

mutated the H3K4 sequence (ARTKQTARKSTGGKA; K4 position underlined) in 

180 peptides to cover a 9-residue peptide window. In essence, each peptide, 

trimethylated at K4, contains a single amino acid mutation to one of the 

remaining 19 amino acids in the positions surrounding the trimethylated lysine 

site. For our analysis of H3K4, we mutated the -3 position to +5 position 

surrounding the trimethylated K4 position (i.e., A-3R-2T-1Kme3Q+1T+2A+3R+4K+5; 

K4 position underlined).  

To design our ranked peptides, we first identified how to classify our high, 

medium, and low-ranking peptides. We then designed our ranked substrate 

peptides by synthesizing 11-mer peptides whose sequences reflected a known 

methylated lysine site in a specific protein. Essentially, we took the specific lysine 

residue and synthesized the surrounding 5 residues on either side of a specific 

lysine site. It should be noted that for each plate synthesis, a WT H3K4me3 and 

WT H3K4me0 peptide was included to compare relative demethylase activity 

against.  
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KDM demethylation assay 

All KDM5A1-801, KDM5B25-770, KDM5C1-765 and KDM5D1-775 in vitro enzyme 

characterization assays and permutated peptide substrate library experiments 

were performed as described. All reactions took place in demethylase reaction 

buffer (25 mM HEPES (pH 7.5), 10 µM peptide substrate, 100 µM ascorbate (J.T 

Baker Chemical Co), 10 µM Fe(II) sulfate (BDH chemicals), 10 µM α-

ketoglutarate (Sigma Aldrich), 1% v/v DMSO) for 1 hour at 23oC in a 384-well 

Corning flat-bottom microplate. Following incubation, succinate detection 

reagents were added (Succinate Glo™ JMJC Demethylase Assay; Promega 

Corp, Cat# V7991) according to manufacturer’s instruction. Briefly, 5 µL of 

Succinate detection reagent I was added and incubated for 60 min followed by 

10 µL of Succinate detection reagent II. After 10 minutes, luminescence was read 

using a Cytation 5 plate reader (Bio-Tek, Winooski, VT) with a plate height of 

1.25 mm and a gain set to 170.  

The permutated peptide substrate library experiments were carried 

essentially the same as described above. Briefly, 2.5 µL of 2X reaction buffer 

(without peptide substrate) was aliquoted to a 384-well plate at 4oC. While at 4oC, 

1.25 µL of 40 µM permutated H3K4me3 peptide were added to separate wells. 

Temperature was increased to 23oC and 1.25 µL of 4X KDM5 enzyme (100, 640, 

1600, and 1400 nM for KDM5A/B/C/D, respectively) in 25 mM HEPES (pH 7.5) 

was added. The reactions proceeded for 1 hour at 25oC, followed by the addition 

of the succinate detection reagents, quenching the reaction, and reading 
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luminescence as described above. KDM5A/B/C/D activity towards ranked protein 

peptide substrate experiments were carried out in the same manner. 

 

SKBR3 cell treatment with CPI-455  

SKBR3 cells were maintained in Dulbecco’s modified Eagle’s medium 

supplemented with 4.5g/L glucose, L-glutamine and sodium pyruvate (Wisent 

Inc, Cat# 319-005-CL) plus 10% fetal bovine serum (ThermoFisher Scientific, 

Cat# 12484028) and 1% penicillin-streptomycin (ThermoFisher Scientific, Cat# 

10378016) and cultured in a humidified incubator at 37oC and 5% CO2. CPI-455 

(Caymen Chemical Company, Cat# 22127) were dissolved in 100% DMSO to 

10mM and stored at -20oC. SKBR3 cells were seeded in duplicated in 10cm2 

plates (4.2 million cells/plate) and allowed to adhere overnight. The next day, 

cells were treated with 12.5 μM CPI-455 or DMSO (vehicle) for 24 hours. After 24 

hours, cells were trypsinzed, collected and washed once with ice cold sterile 1X 

PBS and centrifuged (1000 RPM for 5 min). Supernatant was removed and 

pellets were snap frozen and stored at -80oC for subsequent cell lysis.  

 

Histone isolation 

 Histone isolation generally followed the protocol described in Shechter et 

al., 2007155. Cell pellets were thawed on ice and resuspended in hypotonic lysis 

buffer containing 10 mM-Tris-HCl solution (pH 8.0), 1 mM KCl 1.5mM MgCl2, 

1mM DTT and protease inhibitors (ThermoFisher Scientific, Cat# A32953). Cells 

were lysed at 4oC for 90 min while rotating and collected by centrifugation 
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(10,000 x g for 10 min at 4oC). The pellet was resuspended with 400μL 0.4N 

H2SO4 and allowed to rotate overnight 4oC. Cells were collected by centrifugation 

(16,000 x g for 10 min at 4oC) and supernatant was removed and placed in a 

new 1.5 mL tube. 132 μL of 6.1N trichloroacetic acid solution was added slowly 

dropwise into middle of solution and inverted 6 times. Histones were allowed to 

precipitate at 4oC overnight. Precipitates were pelted by centrifugation (16,000 x 

g for 10 min at 4oC) and supernatant was poured off. Pelleted histones were 

washed twice with 400μL ice-cold acetone. Histone pellets was air-dried, and 

histones were resuspended with 60 μL H2O. Quality of histone prepped was 

assessed by SDS-PAGE and western blot analysis. 

 

Mass spectrometry analysis of SKBR3 cell protein lysate  

Cell pellets were thawed on ice and resuspended in lysis buffer containing 

50 mM-Tris-base solution (pH 7.6), 150 mM NaCl 10% glycerol, 0.5% Triton X-

100, 1mM DTT, and protease inhibitors (1 mM PMSF, 0.5 μM Aprotinin, 10 μM 

E-64, 1 μM Pepstatin). Cells were lysed at 4oC for 60 min while rotating and 

collected by centrifugation (18,000 x g for 30 min at 4oC). Protein supernatant 

was collected and quantified through Bradford assay138. A total of 1 μg of total 

protein lysate was subjected to trypsin proteolytic digestion. Briefly, 1 ug of total 

protein was diluted to a volume of 100μL with (NH4)HCO3 (pH 7.8) to a final 

concentration of 50 mM (NH4)HCO3. Trypsin was added to a final working 

concentration of 20 ng/μL (or 833 nM) and incubated overnight while rotating at 

37oC. Samples were C18 cleaned using zip-tip C18 cleaning tips (EMD Millipore, 
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Cat# ZTC18S096). Samples were centrifuged in a roto-vac to evaporate solvent 

and dried peptides were resuspended in 20 μL of 0.1% formic-acid H2O. For this 

analysis, digests from two biological replicates were combined to go forward with.  

Digests were analyzed by positive ESI LC-MS/MS on a Thermo Q-

Exactive hybrid quadrupole-Orbitrap mass spectrometer. Briefly, peptide digests 

were loaded onto a Thermo Easy-Spray analytical column with an Easy-nLC 

1000 chromatography pump coupled to a Q-Exactive hybrid quadrupole-Orbitrap 

mass spectrometer. Peptides were separated on a 125-min (5–40% acetonitrile) 

gradient. The spectrometer was set in full MS/data-dependent-MS2 TopN mode: 

mass analyzer over a mass-to-charge ratio (m/z) range of 400–1,600 with a 

mass resolution of 70,000 (at m/z = 200), 35 NCE (normalized collision energy), 

2.0 m/z isolation window, and 15-s dynamic exclusion. The isolation list with the 

mass [m/z] and the sequences of the peptides used to identify candidate 

substrates by PRM-MS were recorded. Each trace on the chromatograph 

represents the detection of each individual transition ion used to monitor site-

specific methylation of a candidate substrate. The retention time provides an 

indication that the transition ions result from the same parent peptide (correlates 

with the time that the parental peptide had eluted from the C18 column). The in 

silico protease digest patterns (i.e., to generate precursor ions) and the 

corresponding PRM transitions were compiled using the Skyline software156. 

Transitions that are larger than the precursor ion was selected based on the 

Skyline predictions and the specific b/y ions that allow unambiguous identification 

of the methylated Lys site were included and used in the isolation list. Positive 
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identification of a new methylation site required the successful detection of at 

least three transition ions. 

 

Western blotting 

Histone samples isolated from SKBR3 cells were separated on a standard 

15% tris-glycine SDS-PAGE gel and transferred to 0.2 µm PVDF membrane 

(Bio-Rad, Cat# 1620177) for western blotting analysis. Immunoreactive bands 

specific to H3 were detected using anti-H3 primary antibody (1:2000; 

ThermoFisher Scientific, Cat# 702023). Immunoreactive bands specific to 

H3K4me3 were detected using anti-H3K4me3 primary antibody (1:2000; 

ThermoFisher Scientific, Cat# 703954).  

Purified KDM5A/B/C/D were separated on a standard 8% tris-glycine 

SDS-PAGE gel and transferred to 0.45 µm PVDF membrane (GE Healthcare Life 

Sciences, Cat# 10600023). Immunoreactive bands specific to KDM5A were 

detected using anti-KDM5A primary antibody (1:800; Santa Cruz Biotechnology, 

Cat# sc-365993). Immunoreactive bands specific to KDM5B were detected using 

anti-KDM5B primary antibody (1:1000; Santa Cruz Biotechnology, Cat# sc-

517291). Immunoreactive bands specific to KDM5C were detected using anti-

KDM5C primary antibody (1:1000; Santa Cruz Biotechnology, Cat# sc-376255). 

Immunoreactive bands specific to KDM5D were detected using anti-KDM5D 

primary antibody (1:1000; ThermoFisher Scientific, Cat# PA5-40120). All histone 

and KDM5 primary antibodies were detected with either of rabbit anti-mouse 

HRP-conjugated secondary antibody (1:10,000; ThermoFisher Scientific, Cat# 
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31450) or goat anti-rabbit HRP-conjugated secondary antibody (1:10,000; 

ThermoFisher Scientific, Cat# G21234). Bands were visualized via 

chemiluminescence using Clarity™ Western ECL Substrate (Bio-Rad, Cat# 170-

5060) with a Gel Doc™ XRS+ Imaging system (Bio-Rad).  

 

Data analysis 

With the relative demethylation activity derived from our mutated H3K4 

peptide library, we used Peptide Specificity Analyst (PeSA) software to determine 

a candidate substrate recognition motif for in vitro substrates (i.e., a specific 

sequence of amino acids that required to be a KDM5A/B/C/D substrate)125. 

These weight-based motifs are constructed using the activity data and a user 

defined threshold that is set relative to the positive control125. The threshold 

reflects the minimum activity required for any mutated peptide substrate to have 

KDM5A/B/C/D activity exhibited towards it.  For example, if the user would like to 

include any amino acid mutations that retained 50% of the WT H3K4me3 

demethylation activity, then they could produce a 50% activity threshold 

recognition motif.  

The KDM5A/B/C/D substrate specificity matrices (Appendix D, Fig. D3) 

were utilized to apply hierarchical clustering, to compare substrate specificity for 

KDM5A/B/C/D. Using the Pandas157,158 package for Python 3159 the motifs were 

represented sequentially. Two randomized motifs were added to the analysis to 

serve as negative controls. The Scipy160 package was then used to apply the 

Ward variance minimization algorithm161 to hierarchically cluster each motif. 
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These results were visualized through Matplotlib162 for Python 3159. The code is 

available via https://github.com/nashirag/Substrate_Specificity_Clustering. 

 
 

Results 

Quantification of KDM5 family relative activity towards WT H3K4 substrates  

We have developed a method that combines a luminescence-based 

demethylation assay (Appendix D, Fig. D1A) with 15-mer WT H3K4 tri-

methylated peptide substrates (Fig 4.1A) to measure relative KDM5 demethylase 

activity. KDM5 proteins were expressed via Spodoptera frugiperda (Sf9) cells 

and purified through standard Ni-NTA chromatography (Appendix D, Fig. D2). 

Once KDM5A1-801, KDM5B25-770, KDM5C1-765 and KDM5D1-775 were purified, an 

optimum enzyme concentration required for the selected assay conditions was 

identified via an 2x enzyme dilution curve (Appendix D, Fig. D1B). As we 

observed a dose-responsive signal for all of KDM5A/B/CD, we selected 

concentrations within the linear range to carry out our PPS library assays. 

Specifically, a concentration of 25, 160, 400, and 350 nM were chosen for 

KDM5A/B/C/D, respectively.  

 As all KDM5s have been shown to display catalytic activity towards 

different methylation states, (i.e., Kme3 vs. Kme1), we aimed to confirm the 

specificity of KDM5A/B/C/D for H3K4me0/1/2/3 peptides (Fig 4.1B). As expected, 

all the KDM5’s displayed the highest demethylation activity towards the 

H3K4me3 substrate. Similarly, for the H3K4me2 substrate, KDM5A/B/C/D 

displayed 51%, 60%, 43%, and 45% of the luminescent signal relative to the 

H3K4me3 substrate reaction (p < 0.05). For KDM5A/C/D, the H3K4me1/0 

https://github.com/nashirag/Substrate_Specificity_Clustering
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substrates were shown to not produce a signal significantly above background 

level. KDM5B displayed a low level of in vitro activity for the H3K4me1 substrate. 

From these results we were confident that all the KDM5 enzyme concentrations 

and the reaction parameters for the succinate-based detection assay were 

optimized to determine which amino acid substitutions in the WT H3K4me3 

substrate would alter KDM5 substrate recognition.  

 

Application of H3K4me3 PPS library to determine KDM5 family substrate 

specificity and preference 

As H3K4me3/2 to date is the only known protein substrate for the KDM5 

family, our permutated peptide substrate (PPS) library was based on the 

systematic mutation of the H3K4 sequence. This resulted in a library of 180 

unique peptide sequences, whereby each peptide contains a single amino acid 

mutation to one of the remaining 19 amino acids. The activity of KDM5A/B/C/D 

towards each permutated peptide was then assessed via demethylation assay. 

Figure 4.2A demonstrates the KDM5A1-801 substrate specificity matrix that 

illustrates the changes in KDM5A1-801 activity as a result from each permutated 

peptide substrate. All KDM5A1-801, KDM5B25-770, KDM5C1-765 and KDM5D1-775 

substrate specificity matrices can be seen in Appendix D (Fig. D3). 

KDM5A/B/C/D activity was monitored relative to the wild-type (WT) H3K4me3 

(i.e., positive control) and the WT H3K4me0 (i.e., negative control) peptides. This 

strategy of normalization permits us to determine which amino acid mutations 
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resulted in an either null, positive, or negative influence on in vitro KDM5A/B/C/D 

activity.  

After we derived relative KDM5A/B/C/D demethylation activity from our 

H3K4me3 PPS library, we used PeSA software to determine candidate substrate 

recognition motifs for in vitro substrates for each KDM5 demethylase125. As our 

goal was to predict potential substrates, we chose to continue to substrate 

prediction using the 50% recognition motifs for each of KDM5A/B/C/D (Fig 4.2B; 

Appendix D, Fig. D4). Therefore, any amino acid substitutions maintaining 50% 

relative H3K4me3 activity were factored into our substrate predictions. Moreover, 

a threshold of 50% relative activity can be considered permissive when predicting 

substrates and reduces the stringency of downstream predictions.  
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Figure 4.1. Setup of PPS System. A. Graphical representation of generation of 

H3K4me3 permutation library. B.  Luminescence-based detection of KDM5A1-801, 

KDM5B25-770, KDM5C1-765 and KDM5D1-775 demethylation of WT H3K4me0 

peptide, WT H3K4me1 peptide, WT H3K4me2 peptide, WT H3K4me3 peptide. 

Luminescence averages were normalized by background signal, followed by 

normalization to WT H3K4me3 peptide luminescence (considered as 1.00). 

Results are mean ± S.E.M of n=3. (* indicates p < 0.05 from me0 data). 
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Figure 4.2. Assessing KDM5A/B/C/D substrate specificity through a 

permutated peptide substrate (PPS) library.  A. Detection of relative KDM5A1-

801 demethylation activity with mutated Lys4 tri-methylated histone H3 peptide 

substrates. Data was normalized to the WT H3K4me3 peptide at each mutation 

position (considered as 1.00 for each position). Results are mean of n=3. Array 

image developed from PeSA37 B. KDM5A1-801, KDM5B25-770, KDM5C1-765 and 

KDM5D1-775 recognition motifs derived from relative KDM5A/B/C/D demethylation 

activity towards PPS library. Each motif is reflective of amino acid substitutions 

that maintained 50% of KDM5A/B/C/D’s activity relative to their H3K4me3 

activity. Motif images developed from PeSA37. 
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Identifying potential high-ranking substrates for KDM5 family 

Using our KDM5A/B/C/D 50% recognition motifs, we then predicted 

candidate KDM5A/B/C/D substrates within the Homo sapiens methyllysine 

proteome (PhosphositePlus database; accessed on 12-03-2020)130. Using this 

catalog of over 2000 methylated lysine sites, a list of candidate substrates was 

produced and scored against the 50% recognition motif for each of 

KDM5A/B/C/D. Candidate substrate scoring was done using the PeSA 

algorithm125. PeSA predictions are based on the number of amino acid residues 

within a predicted substrate that match the tolerable amino acid substitutions in 

the KDM5A/B/C/D recognition motifs. As we collected relative KDM5A/B/C/D 

activity using a peptide substrate containing only 9 mutated positions, predictions 

were made based on whether a sequence matched our motif (X/9 positions). 

Therefore, the highest PeSA score that could be obtained for any substrate 

which contains a peptide window exactly matching one of the recognition motifs, 

is 9/9. When the threshold is set to 50%, the Gaussian distribution of the known 

methylation sites and their PeSA scores results in a mean score of 6.6 (±1.2), 4.4 

(±1.2), 4.2 (±1.3), 5.2 (±1.2) for KDM5A/B/C/D respectively (Fig 4.3A). We 

decided to define any substrate with a score greater than 2 standard deviations 

above the mean score as a “high ranked” candidate substrate. Therefore, this 

denoted that any substrates with PeSA scores of 9 (KDM5A), 7-9 (KDM5B), 7-9 

(KDM5C), and 8-9 (KDM5D) were classified as “high rank”. Likewise, “middle 

ranked” substrates were classified with a score near the mean, and “low ranked” 

substrate with a score of less than 2 standard deviations below the mean. As a 
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result of this analysis, the number of substrates ranked as high-confidence 

substrates for KDM5A was 54 substrates, KDM5B had 52 substrates, KDM5C 

had 77 substrates and KDM5D had 17 substrates (Fig 4.3B).  

 

Hierarchical Clustering Analysis of KDM5 substrate specificity matrices   

Once substrate homology between KDM5’s was assessed, we then began 

to investigate whether the KDM5A/B/C/D substrate specificity matrices (Appendix 

D, Fig. D3) themselves possessed a degree of homology between them. This 

inquiry stems from the observed sequence homology between KDM5’s. 

Specifically, as there appears to be a high degree of sequence conservation 

(>80%) that exists between the KDM5 catalytic Jumonji domains (Table 4.1), we 

wanted to determine whether a similar homology would be observed in substrate 

specificity. Clustal Omega77,163,164 was used on human KDM5A/B/C/D full length 

and catalytic Jumonji domain sequences obtained from UniProt12 to effectively 

compare sequence homology in Table 4.1. Moreover, given that KDM5C and 

KDM5D possess a >98% sequence homology between their Jumonji domains, 

we hypothesized they would display the greatest homology in substrate 

specificity. To compare sequence vs substrate specificity matrices, we applied 

hierarchical clustering to compare substrate preference matrices for 

KDM5A/B/C/D161 (Fig 4.3C). Our analysis demonstrated our hypothesis was 

correct and that the KDM5C and KDM5D substrate specificity matrices were the 

most similar among the KDM5 family. Furthermore, the two random matrices 

applied serving as our control matrices appear to be the most dissimilar when 
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compared to the KDM5A/B/C/D matrices. This suggests that significant clusters 

were formed throughout the KDM5 matrices that allowed for the algorithm to 

determine they were most similar. Ultimately, this demonstrates that there is 

some degree of homology in substrate specificity exhibited between the KDM5 

family.  
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Figure 4.3. Identifying high-ranking potential substrates for KDM5A/B/C/D. 

A. Summary of KDM5A1-801, KDM5B25-770, KDM5C1-765 and KDM5D1-775 predicted 

substrates based on KDM5A/B/C/D substrate specificity matrices. Approximately 

2100 predicted substrates were fit to a Gaussian distribution for further statistical 

analysis. B. Number of high-ranking predicted substrates for the KDM5 

demethylase family. C. Dendrogram representing of KDM5 substrate selection 

matrix homology. Analysis completed through Ward variance minimization 

algorithm161. 
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Table 4.1. KDM5 full sequence homology and Jumonji domain homology 

analysis. ClustalΩ multiple sequence alignment indicates 564 identical positions 

for an overall 32% full sequence homology and 166 identical positions for an 

overall 80% Jumonji-domain homology between KDM5 demethylases.  

Full sequence 
homology 
Jumonji 
domain 
homology 

 
KDM5A 
 

 
KDM5B 

 
KDM5C 

 
KDM5D 

 
KDM5A 

 
 

48% 
828 identical 
positions 

46% 
813 identical 
positions 

45% 
788 identical 
positions 

 
KDM5B 

86% 
179 identical 
positions 

 
 

44% 
726 identical 
positions 

43% 
698 identical 
positions 

 
KDM5C 

86% 
180 identical 
positions 

84% 
175 identical 
positions 

 
 

84% 
1321 identical 
positions 

 
KDM5D 

86%    
179 identical 
positions 

83% 
173 identical 
positions 

99% 
206 identical 
positions 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



127 
 

Assessing KDM5 family activity towards high ranked substrates to identify 

candidate substrates  

To further assess which of the potential high-ranking substrates are 

candidate substrates to further investigate in a cellular context, we then assessed 

KDM5 activity towards each of their respective high-ranking substrates, as well 

as compared the activity of 10 substrates from their middle and low ranked 

classifications to provide insight into the specificity of our predictions (Appendix 

D, Fig. D5). This was accomplished by synthesizing 11-mer tri-methyl-lysine 

containing peptides with sequences matching the predicted demethylation site 

(+/- 5 residues: 11 residue peptides). To visualize percent prediction success 

rate, we then plotted the amount of successful vs unsuccessful predictions for 

each of high, middle and low ranked substrate prediction sets for each of KDM5 

enzyme (Fig 4.4A). We observed that KDM5A/B/C/D respectively displayed 

activity (defined as >50% H3K4me3 activity) towards 39%, 33%, 29% and 24%, 

respectively, of their high ranked substrates (Fig 4.4A). As seen in Fig 4.4A, our 

method accurately differentiated between substrate candidates ranked highly 

compared to those in the medium/ low scoring classifications for KDM5A/C/D. 

We observed that KDM5A/C/D displayed no activity towards all medium and low 

ranked peptides. However, there were 2 medium ranked substrates that 

demonstrated activity from our KDM5B predictions. Collectively, our method has 

provided 66 candidate peptide substrates for KDM5 demethylases in vitro. 

Individually, this corresponds to 21 candidate substrates for KDM5A1-801, 17 for 

KDM5B25-770, 24 for KDM5C1-765, and 4 for KDM5D1-775 (Fig 4.4B). Although there 
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is still further validation to be done in a cellular context to truly identify KDM5-

driven demethylation of novel candidate substrates, this method does prioritize 

the number of potential substrates to refine and focus further validation efforts95.   

 

Assessing KDM5 family activity towards candidate substrates in SKBR3 cells 

From our list of candidate substrates for the KDM5 family, we next sought 

to confirm cellular demethylation. Using our prioritized list of 66 candidate in vitro 

peptide substrates, we developed a targeted parallel reaction monitoring (PRM) 

mass spectrometry approach to confirm the activity of several KDM5 substrates 

in cells. The chemical inhibitor, CPI-455, was used to readily inhibit of the KDM5 

family in a facile way143. Our aim was to determine whether we could observe 

changes in protein methylation as a response to CPI-455 treatment in SKBR3 

cells, a cell line with a previously documented response to this drug (Fig 4.5A)143. 

Vinogradova et al., displayed an optimal CPI-455 concentration to use in SKBR3 

cells was 12.5 μM and the IC50 for KDM5A/B/C in vitro were respectfully ~10 ± 1 

nM, ~3 ± 1 nM and ~15 ± 1 nM143. We were able to measure changes in protein 

methylation though PRM-MS analysis of total soluble protein lysate of SKBR3 

cells subjected to proteolytic digestion with trypsin71,100. Due to several factors 

such as lysine-rich regions and distribution, limitations in trypsin coverage, 

peptide size/charge, etc., it was not possible to examine changes in all our 

candidate KDM5 substrates using this approach. This approach is further 

complicated as the inhibition of any KDM does not guarantee an opposing 

increase in the methylation on a specific substrate. Despite these limitations, we 
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were successfully able to identify a CPI-455 responsive increase in tri-, and di-

methylation levels in 6 candidate KDM5 family substrates in the SKBR3 cells (Fig 

4.5B and C; Appendix D, Fig. D6). Specifically, we observed an increase in tri-

methylation levels in BICRA-K404me3 by 1.29-fold, FGD5-K1301me3 by 1.85-

fold, and HECW2-K199me3 by 1.57-fold, as a response to KDM5 family 

inhibition. Further, we observed an increase in di-methylation levels in WNK4-

K226me2 by 5.33-fold, H2AY-K18me2 by 1.41-fold and HSPA1L-K189me2 by 

1.37-fold. 
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Figure 4.4. Quantifying relative KDM5A/B/C/D activity towards high, 

medium and low ranked substrates. A. Percent prediction success rates of 

KDM5A1-801, KDM5B25-770, KDM5C1-765 and KDM5D1-775 towards each of 

KDM5A/B/C/D high, medium and low ranked substrate peptides. B. Detection of 

KDM5A1-801, KDM5B25-770, KDM5C1-765 and KDM5D1-775 demethylation activity 

validated in vitro high ranked synthesized substrate peptides. Results are mean ± 

std. error (n=3). 
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Figure 4.5. Detecting changes in lysine methylation as a response to CPI-

455 inhibition. A. Validation of CPI-455 inhibition in SKBR3 cells through 

monitoring of H3K4me3 levels. B. Example of transitions observed to measure 

abundance of specific trimethyl lysine residue-containing peptide. C. Detection of 

changes in tri-methylation and di-methylation as a response to CPI-455 inhibitor 

treatment in BICRA-K404me3, FGD5-K1301me3, HECW2-K199me3, WNK4-

K226me2, H2AY-K18me2 and HSPA1L-K189me2. Results are from combined 

biological replicates (n=2). 
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Discussion 

It has been reported that KDM5 substrate recognition is determined 

through the PHD1 and PHD3 (KDM5A/B) methyl binding domains, whereas the 

jumonji domain solely facilitates the catalytic demethylation of 

substrate(s)43,48,64,65,74–76. Although the presence of a methylated lysine residue is 

a key factor in PHD3 binding and subsequent JMJD domain-mediated 

demethylation, previous studies analyzing PHD1 binding have demonstrated that 

KDM5A is able to accommodate substrates with sequences that vary from 

histone H3K474. This permissible flexibility in sequence surrounding the 

methylysyl residues justified the use of a systematic exploration of amino acid 

residues that either increase, maintain, or decrease binding and subsequent 

catalyzed demethylation reaction. Using this approach to studying substrate 

preference, we were able to generate recognition motifs for each KDM5 

demethylase relative to the histone H3K4 sequence. Uniquely, our analysis of 

KDM5 substrate preference resulted in an enrichment of candidate KDM5 

substrates from the thousands unique sites within the currently methyllysine 

proteome130; identifying a collective 66 in vitro substrates for the KDM5 family 

(Fig. 4.4B). Among these 66 high-ranking candidate substrates, we were able to 

observe changes in cellular methylation levels of 6 of KDM5 candidate 

substrates, because of chemical KDM5 inhibition (Fig. 4.5B-C). Ultimately, we’ve 

found that the primary sequence surrounding methylated lysyl residues can vary 

to maintain KDM5 activity in vitro. Moreover, similar analysis have demonstrated 

similar affects observed in other KDM families, such as KDM3A165. We have also 
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demonstrated the ability for KDMs to demethylate non-histone peptide substrates 

in vitro.  

Recently there has been increasing evidence that KDM proteins might 

facilitate dynamic roles in the cell, existing well-beyond histone 

demethylation67,70,166–171. It is now apparent that both families of histone 

demethylase enzymes, flavin adenine dinucleotide (FAD)-dependent amine 

oxidases and the larger Jumonji C domain (JMJD) containing demethylases are 

capable of targeting non-histone proteins for demethylation67,167–171. As these 

KDM families are shown to not only demethylate non-histone proteins, but as 

well have biological functional consequences of these demethylation events. For 

example, the apparent functional redundancy of having 4 distinct KDM5 family 

members performing a catalytic reaction one shared substrate may be viewed as 

inefficient if all KDM5 substrates displayed the same level of conservation. As 

supported by our findings, we posit that it is likely that KDM5 family members 

have diverse cellular functions, beyond histone H3K4me3/2 demethylation172. 

Indeed, previous studies have already identified how KDM5 demethylases are 

implicated in a variety of biological functions. For example, although no direct 

substrates have been identified,  there is evidence that KDM5B associates with 

the NuRD complex which mediates transcriptional repression65. This is supported 

by our findings as we demonstrated KDM5B and KDM5A activity towards the 

MTA1-K532 peptide in vitro. Interestingly, dimethylation at K532 in MTA1 has 

been documented to encourage the association of MTA1 with NuRD co-

repressor complex and demethylation of this site would have clear functional 
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implication142,146. Furthermore, it was shown that cytoplasm-localized KDM5C 

interacts with Smad3, a mediator of the TGFβ signaling pathway137. This 

cytoplasmic KDM5C-Smad3 interaction was dependent on catalytic activity, 

although no substrate had been identified137. These complementary studies 

demonstrate how critical the discovery of new substrates for the KDM5 family is 

to help further elucidate our understanding of this family.  

 To provide further insight into our prioritized list of high-ranking in vitro 

peptide substrates for the KDM5 family, we utilized a KDM5-family specific 

inhibitor (CPI-455) to help monitor cellular methylation events by targeted mass 

spectrometry.  Previous studies that have looked to translate in vitro research to 

cellular validation efforts have made it apparent that the reaction parameters may 

be vastly different in a cellular environment173. Further, not all our prioritized 

substrates exist in protein regions amenable to trypsin digestion for mass 

spectrometry detection. Despite these logistical limitations, we successfully 

observed an increase in either the Kme2 or Kme3 status of 6 methyllysine sites 

following CPI-455 treatment (Fig. 4.5). Although we have identified several high-

ranking candidate substrates through our pipeline, identification of demethylation 

events on these non-histone proteins via KDM5 demethylases remained to be 

confirmed through further cellular analysis. In vivo factors including spatial and/or 

temporal differences in cellular localization and expression might be driving 

factors in limiting these identified interactions in cells173. By monitoring specific 

protein lysyl-methylation in response to one specific KDM overexpression or 

knockdown, one would be able to identify whether a change in methylation was 
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seen as a result of KDM expression67. Ideally, changes in methylation could be 

observed through methyl specific antibodies, or mass spectrometry analysis67,71. 

The authors recognize that the cell line chosen to monitor changes in cellular 

methylation events is not optimal for KDM5D expression174. The change in 

methylation seen for a KDM5D predicted substrate might have been facilitated 

through inhibition of another KDM5 family member. We find this plausible as we 

demonstrated the possibility that some of the KDM5s might have shared 

substrates between them, as shown through our in vitro data.   

 Through measuring relative KDM5 activity towards a highly specialized 

PPS library, we have demonstrated the ability to determine KDM5 substrate 

specificity and preference. In our analysis of KDM5 substrate preference, we 

generated permissible recognition motifs that we used to predict and rank 

potential methylated lysine residues in which the KDM5 family may demethylate 

in the methylproteome. Moreover, we were able to demonstrate the overall 

observed homology between KDM5 substrate specificity attributed most likely to 

their high catalytic Jumonji domain sequence homology. In assessing KDM5 

activity in vitro towards peptides reflective of high-ranked protein substrates, we 

were able to identify 66 candidate KDM5 substrates from the thousands unique 

sites within the currently methyllysine proteome130. We further validated the 

likelihood that 6 of these candidate KDM5 substrates might be targeted by KDM5 

demethylases through examining changes in methylation via CPI-455-mediated 

inhibition of the KDM5 family. Although we have not definitively proven any of 

these high-ranking candidate KDM5 substrates are targeted by KDM5s in a 
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cellular environment, we have defined specific, potential substrates for which 

validation efforts should be focused on. Ultimately, we have provided a novel 

approach for systematic characterization of substrate preference for any JMJD-

type KDM demethylase with at least one established substrate. Moreover, we’ve 

demonstrated the ability to use the substrate preference data to predict high-

ranking, methyllysine-containing protein substrates in the methylproteome, for 

any JMJD-type KDM demethylase. Future efforts should be focused on 

demonstrating the ability for these KDM5 enzymes to actively target non-histone 

protein substrates for demethylation, in a cellular context. This type of 

investigation is critical as to have a firm understanding of how these enzymes are 

altered and dysregulated in disease provides scientists and researchers with the 

proper tools to develop therapeutics to target the KDM5 family and its specific 

interactions with substrates, apart from H3K4.  
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Chapter summary  

In this Chapter, we demonstrated the applicability of our novel method and 

pipeline to identify and functionally validate a high-ranking KDM5A substrate. 

Once identified, we were able to validate the KDM5A-mediated demethylation of 

the high-ranking p53-K370me3 substrate in a cellular context using HCT 116 and 

HEK 293 cells. Using a combination of wild-type (WT) KDM5A and inactive, 

mutant (Mut) KDM5AH483A overexpression experiments, along with affinity 

purification tandem mass spectrometry (AP-MS/MS) analysis, we were able to 

analyze the KDM5A-mediated demethylation of p53-K370me3/2. Moreover, we 

were able to demonstrate how KDM5A expression has an influence on an 

established p53K370me2-53BP1 protein-protein interaction (PPI) and identify a 

novel TAF5-p53 PPI dominated through p53-K370me3. Ultimately, this chapter 

defines the novel KDM5A demethylation of p53-K370me3. This is the first 

evidence that any KDM5 family member can target a non-histone substrate for 

demethylation. Notably, it is also the first indication that KDM5 can functionally 

regulate non-histone proteins via direct lysine demethylation. 
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Introduction 

Previous studies of KDM-mediated demethylation of non-histone 

substrates have led us to investigate whether members of the KDM5 family of 

histone lysine demethylases are capable of this activity as well. As previously 

mentioned in Chapter 1, the first KDM identified to target a non-histone substrate 

for demethylation was LSD1/KDM1A67. In this study, it was demonstrated that 

KDM1A catalyzes the removal of both the mono- and di-methylation 

modifications on p53 at lysine 370 (i.e., p53-K370me1/2)67. In Chapter 4, we 

touch on the increasing evidence that not only are flavin adenine dinucleotide 

(FAD)-dependent amine oxidases capable of targeting non-histone substrates, 

but there is growing evidence that Jumonji C domain (JMJD) containing 

demethylases have activity that likely extends beyond histone 

demethylation67,70,166–171. For example, it was shown that JMJD-containing 

KDM3A targets the p53-K372me1 substrate for demethylation68. Insights such as 

these have made it critical to investigate the molecular targets of these KDM 

families. Identification of functional KDM targets can aid in uncovering the role(s) 

of these enzymes in cell biology and disease development.   

As stated in Chapter 4, it’s been shown recently that KDM5B associates 

with the NuRD complex to mediate transcriptional repression65. Moreover, 

KDM5C was shown to interact with cytoplasmic Smad3 and that this interaction 

is dependent on catalytic activity137. Although neither of these interactions 

demonstrate active KDM5 demethylation on a non-histone substrate, they do 

showcase that the KDM5 possess function(s) beyond solely H3K4me3/2 
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demethylation. Although KDM5 can influence specific gene transcription through 

changes in H3K4me3/2, there are still unknowns surrounding how KDM5 is able 

to regulate both cellular homeostasis and disease progression.  

As previously mentioned, there have been several KDM enzymes that 

target p53 lysine residues, resulting in either the activation or inactivation of p53; 

this includes KDM1A and KDM3A67,68. In many cases, the dynamic change in 

lysine methylation status regulates the recruitment of methyl-binding domain 

(MBD) proteins that help to direct p53 function. There are also several KMT 

enzymes that target p53 for methylation; for example, SET8-mediated p53-K382 

mono-methylation175.  This modification results in the suppression of p53 

transcriptional activity through the recruitment of the MBD protein, L3MBTL1176. 

Generally, methylation sites are clustered within the C-terminal regulatory 

domain (REG) of p53 and results in variations on p53 acitvity177. Collectively, 

these studies have demonstrated how a single change in a p53 lysine 

methylation site and state can dramatically alter activity through changes in the 

recruitment of protein interactions. This has been observed with the KDM1A-

mediated demethylation of the p53-K370me2 site; as p53-K370me2 promotes a 

unique function which is not observed in the p53-K370me1 state67. To elaborate, 

when p53-K370me2 is demethylated to K370me1, p53 no longer interacts with 

the transcriptional co-activator 53BP1; an interaction mediated through the 

53BP1 tandem Tudor MBDs67. When this occurs, 53BP1 no longer stabilizes p53 

for stimulated genome-wide p53-dependent gene transactivation67. As well p53-
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mediated repression events in response to genotoxic stress and ionization 

radiation are no longer triggered67,178.  

 Herein, we look to examine the possibility of KDM5A-mediated 

demethylation of the p53-K370me3 substrate. Specifically, we look to validate the 

demethylation event in vitro and subsequently investigate in a cellular context in 

HCT 116 cells, given their WT p53 status , known p53-K370me1/2 methylation, 

and history in KDM5 research104,179. Through the use of methyl specific p53-

K370me1 and p53-K370me2 antibodies, and targeted PRM-MS/MS analysis to 

study p53-K370me3 dynamics, we are confident that we can determine whether 

KDM5A activity influences the p53-K370 degree of methylation67,180. Moreover, 

given the documented methylation dependent 53BP1 interaction with p53-

K370me2 (but not K370me3), we seek to determine whether KDM5A expression 

has an influence on this PPI. Finally, as 53BP1 specifically interacts with p53 

through its K370me2 state, we wish to investigate the likelihood of a novel PPI 

that occurs with p53 through its K370me3 state.  

 
 

Materials and Methods  

Recombinant KDM5A1-588ΔAP expression and purification  

pET28 plasmid containing KDM5A1-588ΔAP construct (obtained from 

Xiaodong Cheng of Emory University, Atlanta, Georgia) was transformed in 

Escherichia coli strain BL21 (DE3)C+ for protein expression and grown in LB 

media. Cultures for protein expression were inoculated with 0.5-1% starter 

culture and grown at 37oC to an A600 of 0.5-0.6 upon which the temperature was 
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decreased to 16oC and expression was induced with 0.2 mM isopropyl ß-D-1-

thiogalacttopyranoside (IPTG). Following IPTG induction, cultures were 

incubated overnight at 16oC. The next day, cells were pelleted by centrifugation 

(5000 x g for 15 min at 4oC), media decanted, pellets snap frozen in liquid 

nitrogen and then stored at -80oC. 

For protein purification, pellets were resuspended in 25 mM HEPES, pH 

8.0, 10% glycerol, 400 mM NaCl, 1 mM DTT, 10 µg/mL DNase and 

supplemented with protease and phosphatase inhibitors (1 mM PMSF, 0.5 μM 

Aprotinin, 10 μM E-64, 1 μM Pepstatin). Cells were lysed through 15 passes in 

a Dounce homogenizer on ice. Cells were subsequently sonicated 3x for 20 

sec at 70% amplitude intensity on ice. The cell lysate was cleared via 

centrifugation (18000 x g for 45 min at 4oC) and the soluble lysate was loaded 

onto a 500 μL HisPur™ Ni-NTA Resin (ThermoFisher Scientific, Cat# 

88221) affinity column. The affinity column was washed and eluted with an 

imidazole gradient (40-250 mM imidazole in 1X PBS) and protein fractions were 

collected. Protein fractions were dialyzed overnight in a protein storage buffer (25 

mM HEPES, 150 mM NaCl, 10% glycerol and 1 mM DTT) using 3.5kDa 

molecular weight cut-off dialysis tubing (SnakeSkin® Dialysis tubing, Thermo 

Scientific). Protein purity was assessed through 10 % SDS-PAGE stained with 

Coomasie Brilliant Blue G-250 stain. Protein concentration was quantified 

through a standard Bradford assay138. Proteins were snap-frozen in liquid 

nitrogen and stored at -80oC for later use.  
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Recombinant KDM5A1-801 expression and purification  

Please refer to Chapter 4 

 

Peptide Synthesis (check KDM5 paper) 

Please refer to Chapter 4 

 

Permutated peptide substrate (PPS) library and ranked peptide design 

Please refer to Chapter 4 

 

KDM demethylation assay 

Each of KDM5A1-588ΔAP and KDM5A1-801 (protein used in Chapter 4) in vitro 

demethylation assays, as well as permutated peptide substrate (PPS) library 

experiments, were performed as described. All reactions took place in 

demethylase reaction buffer (25 mM HEPES pH 7.5, 10 µM peptide substrate, 

100 µM ascorbate (J.T Baker Chemical Co), 10 µM Fe(II) sulfate (BDH 

chemicals), 10 µM α-ketoglutarate (Sigma Aldrich), 1% v/v DMSO) for 1 hour at 

23oC in a 384-well Corning flat-bottom microplate. Following incubation, 

succinate detection reagents were added (Succinate Glo™ JMJC Demethylase 

Assay; Promega Corp, Cat# V7991) according to manufacturer’s instruction. 

Briefly, 5 µL of Succinate detection reagent I was added and incubated for 60 

min followed by 10 µL of Succinate detection reagent II. After 10 minutes, 

luminescence was read using a Cytation 5 plate reader (Bio-Tek, Winooski, VT) 

with a plate height of 1.25 mm and a gain set to 170.  
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The PPS library experiments were carried essentially the same as 

described above. Briefly, 2.5 µL of 2X reaction buffer (without peptide substrate) 

was aliquoted to a 384-well plate at 4oC. While at 4oC, 1.25 µL of 40 µM 

permutated H3K4me3 peptide were added to separate wells. Temperature was 

increased to 23oC and 1.25 µL of 4X KDM5 enzyme (1.8μM for KDM5A1-588ΔAP 

and 100 nM for KDM5A1-801) in 25 mM HEPES (pH 7.5) was added. The 

reactions proceeded for 1 hour at 25oC, followed by the addition of the succinate 

detection reagents, quenching the reaction, and reading luminescence as 

described above. KDM5A1-588ΔAP and KDM5A1-801 activity towards ranked protein 

peptide substrate or p53-K370me3/2/1/0 peptide substrate experiments were 

carried out in the same manner. 

 

Cloning and site-directed mutagenesis  

 KDM5A open reading frame (ORF) were amplified from cDNA derived 

from HEK 293 cells via Phusion DNA polymerase (ThermoFisher Scientific, Cat# 

F530S) with primers that generated PCR products with KpnI and XbaI restriction 

sites flanking the ORF. The PCR product was digested with the specified 

restriction enzymes (New England Biolabs; Cat# R3142S and Cat# R0145S, 

respectively) and cloned into a pcDNA3.1-HA vector (Addgene, Plasmid 

#128034) (Appendix F, Fig. F1A). Site directed mutagenesis was carried out on 

the pcDNA3.1/HA-KDM5A plasmid to form and pcDNA3.1/HA-KDM5AH483A 

plasmid using the Q5® Site-Directed Mutagenesis Kit (New England Biolabs; 

Cat# E0554S) according to manufacturer’s instructions. Confirmation of 
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identification of constructs was verified by DNA sequencing (Appendix F, Fig. 

F1B-C). The following primers were used in the Site directed mutagenesis 

amplification: KDM5AH483A Forward (TTTTTGCTGGgccATTGAGGATCAC), 

KDM5AH483A Reverse (GAAGAGAAGCACATTCCC). The following primers were 

used in KDM5A amplification from cDNA: KMD5A Forward with KpnI restriction 

site (ATTGGTACCCATGGCGGGCGTGGGGC), KDM5A Reverse with XbaI 

restriction site 

(ATTTCTAGACTAATATTTTTTATTCTTCTCTTCTTCCGTTACAAAT) 

 

Cell culture 

HEK 293 and HCT 116 cells were maintained in Dulbecco’s modified 

Eagle’s medium supplemented with 4.5g/L glucose, L-glutamine and sodium 

pyruvate (Wisent Inc, Cat# 319-005-CL) plus 10% fetal bovine serum 

(ThermoFisher Scientific, Cat# 12484028) and 1% penicillin-streptomycin 

(ThermoFisher Scientific, Cat# 10378016) and cultured in a humidified incubator 

at 37oC and 5% CO2. 

 

WT KDM5A and Mut KDM5AH483A overexpression  

HCT 116 and HEK 293 cells were seeded in a 10 cm2 plate (2.2 x 106 cells/ 

plate) and adhered overnight. Fresh DMEM+/+ was added day of and cells were 

transfected with pcDNA3.1/HA vector only, pcDNA3.1/HA-KDM5A, and 

pcDNA3.1/HA-KDM5AH483A (Addgene, Plasmid # 14800) using jetOPTIMUS® 

reagent (Polyplus, Cat# 101000006) in a 1:1.5 (v/v) ratio, under manufacturers 
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recommendation. Media was changed 4 hours post-transfection, and 24 hours 

post-transfection. Cells were left to grow for 48 hours at 37oC. 48 hours post-

transfection, cells were trypsinized, collected and washed with ice cold sterile 1X 

PBS and briefly centrifuged (0.2 x g for 5 min). Cell pellets were resuspended in 

lysis buffer containing 50 mM-Tris-base solution (pH 7.5), 150 mM NaCl, 10% 

glycerol, 0.5% Triton X-100, 1mM DTT and protease inhibitors (1 mM PMSF, 0.5 

μM Aprotinin, 10 μM E-64, 1 μM Pepstatin). Cells were lysed at 4oC for 60 while 

rotating min and collected by centrifugation (18000 x g for 30 min at 4oC). Protein 

supernatant was collected and quantified through Bradford assay138, followed by 

further western blot analysis and/or immunoprecipitation. 

 

Histone isolation 

 Please refer to Chapter 4 

 

Reverse Transcription (RT) and polymerase chain reaction (RT-qPCR) 

 WT KDM5A and Mut KDM5AH483A overexpression in HCT 116 and HEK 

293 cells was performed, and cells were harvested as described above. After ice 

cold sterile 1X PBS wash and cell collection, RNA was isolated from cell pellets 

using QIAGEN RNeasy Mini Kit (Qiagen, Cat# 74104). RNA was quantified using 

a BIO-TEK POWERWAVE XS spectrophotometer with a Take3 micro-volume 

plate (BIO-TEK). Equal 1 μg amounts of RNA from each treated sample replicate 

were converted to cDNA using the Bio-Rad iScript™ reverse transcription kit 

(Bio-Rad, Cat# 1708840). Following reverse transcription, cDNA was diluted 10X 
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with RNAse free dH20 and qRT-PCR was completed using SsoAdvanced 

universal SYBR green supermix (Bio-Rad, Cat# 1725274) with the following 

conditions: initial denaturation (1 min @ 95 oC), PCR reaction (5 sec @ 95oC, 20 

sec @ 60oC, repeat for 40 cycles), followed by a melt curve (65oC- 95oC, with 

degree increments every 5 sec). For RT-qPCR, the following primers were used: 

p53 Forward (CAGCACATGACGGAGGTTGT)181, p53 Reverse 

(TCATCCAAATACTCCACACGC)181, p21 Forward 

(GGAGACTCTCAGGGTCGAAA), p21 Reverse 

(GCTTCCTCTTGGAGAAGATCAG), and GAPDH Forward 

(GGAGCGAGATCCCTCCAAAAT), GAPDH Reverse 

(GGCTGTTGTCATACTTCTCATGG). These primers were synthesized by 

Integrated DNA Technologies (Coralville, IA) and were a gracious gift from the 

McKay lab (Carleton University). P53 primers were designed from Guo et al., 

2021181. 

 

Immunoprecipitation of p53  

Total soluble protein from HCT 116 cells with (and without) overexpression 

of either WT KDM5A and Mut KDM5AH483A was isolated and quantified as 

described above. After protein quantification, 1 mg of protein lysate in 500 µL p53-

IP buffer (50 mM-Tris-base solution (pH 7.5), 150 mM NaCl, 10% glycerol, 0.05% 

Triton X-100, 1mM PMSF) was incubated with 2 µg of mouse monoclonal anti-p53-

IgG2a antibody (DO-1, Santa Cruz Biotechnology, Cat# sc-126) with rotation at 4oC 

overnight. 30 µL of protein A-agarose beads (BioBasic) were added to each 
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sample for 4 hours at 4oC under rotation. After, the beads were washed 3 times in 

300 μL p53-IP wash buffer (50 mM-Tris-base solution (pH 7.5), 150 mM NaCl, 10% 

glycerol, 0.01% Triton X-100, 1mM PMSF). Bound proteins were eluted using 30 

µL of 2X Laemmli sample buffer (100 mM Tris-HCl pH 6.8, 4% SDS, 20% Glycerol, 

200 mM β-mercaptoethanol, 0.2% Bromophenol blue) and heated for 5 min at 90-

100oC. Samples were then subjected to subsequent western blot analysis, 

described below.  

 

Western blot analysis  

Proteins were separated on a standard 8%, 10% or 15%  tris-glycine SDS-

PAGE gel and transferred to 0.2 µm PVDF membrane (Bio-Rad, Cat# 1620177) 

for western blotting. Membranes were blocked in 5% non-fat skim milk in TBST 

(1X TBS pH7.6 with 0.1% Tween-20) at room temperature for 1 hour. Membranes 

were then incubated overnight at 4oC with primary antibodies: anti-KDM5A 

antibody (1:800; Santa Cruz Biotechnology, Cat# sc-365993), anti-H3K4me3 

primary antibody (1:2000; ThermoFisher Scientific, Cat# 703954), anti-H3 primary 

antibody (1:2000; ThermoFisher Scientific, Cat# 702023), anti-p53 antibody 

(1:2000; Santa Cruz Biotechnology, Cat# sc-126), anti-p53-K370me1 primary 

antibody (1:1000; St Johns Laboratory, Cat# STJ97495), anti-p53-K370me2 

primary antibody (1:2000; St Johns Laboratory, Cat# STJ90115), anti-p21 primary 

antibody (1:1000; CalBiochem, Cat# OP64), anti-Vinculin primary antibody 

(1:2000; Santa Cruz Biotechnology, Cat# sc-25336), anti-53BP1 primary antibody 

(1:1000; Santa Cruz Biotechnology, Cat#: sc-515841) or anti-TAF5 primary 
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antibody (1:1000; ThermoFisher Scientific, Cat# A303-686A). The next day, 

membranes were washed 3 x 5 min in TBST at room temperature. All membranes 

containing only total cell lysates were incubated with either of rabbit anti-mouse 

HRP-conjugated secondary antibody (1:10,000; ThermoFisher Scientific, Cat# 

31450) or goat anti-rabbit HRP-conjugated secondary antibody (1:10,000; 

ThermoFisher Scientific, Cat# G21234) for 1 hour at room temperature. All 

membranes containing p53 immunoprecipitated samples, 53BP1-p53 co-

immunoprecipitated samples (methods below), or TAF5-p53 co-

immunoprecipitated samples (methods below) were incubated with either or of 

goat anti-mouse IgG light chain specific HRP-conjugated secondary antibody 

(1:8,000; Jackson ImmunoResearch, Cat# 115-035-174) or mouse anti-rabbit IgG 

light chain specific HRP-conjugated secondary antibody (1:8,000; Jackson 

ImmunoResearch, Cat# 211-032-171) for 1 hour at room temperature. Bands were 

visualized via chemiluminescence using Clarity™ Western ECL Substrate (Bio-

Rad, Cat# 170-5060) with a Gel Doc™ XRS+ Imaging system (Bio-Rad). 

 

 Mass spectrometry analysis.  

Overexpression of WT KDM5A and Mut KDM5AH483A in HCT 116 and HEK 

293 cells was performed, and cells were harvested, lysed and total protein lysate 

was quantified as described above. After protein quantification, 1 mg of protein 

lysate in 500 µL p53-IP buffer (50 mM-Tris-base solution (pH 7.5), 150 mM NaCl, 

10% glycerol, 0.05% Triton X-100, 1mM PMSF) was incubated with 2 µg of mouse 

monoclonal anti-p53-IgG2a antibody (DO-1, Santa Cruz Biotechnology, Cat# sc-
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126) with rotation at 4oC overnight. 30 µL of protein A-agarose beads (BioBasic) 

were added into each reaction for 4 hours at 4oC. Beads were then washed in 200 

μL trypsin digestion buffer (50mM NH4HCO3 pH 7.8). The protein-antibody-bead 

complex was then resuspended with 100μL 50 mM (NH4)HCO3 and 20 ng/μL 

trypsin (Promega, Cat# V5111) and incubated overnight while rotating at 37oC. 

Following digestion, beads were pelleted and soluble peptides were C18 cleaned 

using zip-tip C18 cleaning tips (EMD Millipore, Cat# ZTC18S096). Samples were 

centrifuged in a roto-vac to evaporate solvent and peptides were resuspended in 

20 μL of 0.1% formic-acid H2O. 

Digests were analyzed by positive ESI LC-MS/MS on a Thermo Q-Exactive 

hybrid quadrupole-Orbitrap mass spectrometer at the John Holmes Mass 

Spectrometry Center (University of Ottawa, ON). Briefly, peptide digests were 

loaded onto a Thermo Easy-Spray analytical column with an Easy-nLC 1000 

chromatography pump coupled to a Q-Exactive hybrid quadrupole-Orbitrap mass 

spectrometer. Peptides were separated on a 125-min (5–40% acetonitrile) 

gradient. The spectrometer was set in full MS/data-dependent-MS2 TopN mode: 

mass analyzer over a mass-to-charge ratio (m/z) range of 400–1,600 with a mass 

resolution of 70,000 (at m/z = 200), 35 NCE (normalized collision energy), 

2.0 m/z isolation window, and 15-s dynamic exclusion. The isolation list with the 

mass [m/z] and the sequence p53 peptides was generated using Skyline software. 

Each trace on the chromatograph represents the detection of each individual 

transition ion used to monitor p53-K370me3 site-specific methylation. Relative 

changes in p53-K370me3 methylation (EPGGSRAHSSHLK(me3)) were 
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determined by the total transition peak area. Two internal p53 peptides were used 

to normalize p53-K370me3 data for each sample. Positive identification required 

the successful detection of at least three transition ions. 

 

Doxorubicin treatment  

HCT 116 cells were seeded in a 10 cm2 plate (2.2 x 106 cells/ plate) and 

adhered overnight. Cells were first treated with 0.5-10 μM doxorubicin and 0 μM 

(DMSO vehicle control) for 24 hours. After 24 hours, cells were trypsinized, 

collected and washed with ice cold sterile 1X PBS and centrifuged (0.2 x g for 5 

min at 4oC). Cell pellets were resuspended in lysis buffer containing 50 mM-Tris-

base solution (pH 8.0), 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1 mM DTT 

and protease inhibitors (1 mM PMSF, 0.5 μM Aprotinin, 10 μM E-64, 1 μM 

Pepstatin). Cells were lysed at 4oC for 60 min while rotating and collected by 

centrifugation (18000 x g for 30 min at 4oC). Protein supernatant was collected and 

quantified through Bradford assay138. Total protein lysates were diluted to the 

same concentration and had equal volume mixed with 2X Laemmli sample buffer 

(100 mM Tris-HCl pH 6.8, 4% SDS, 20% Glycerol, 200 mM β-mercaptoethanol, 

0.2% Bromophenol blue) and heated for 5 min at 90-100oC. Samples were then 

subjected to subsequent western blot analysis.  

 To determine the response of p53-K370me following doxorubicin treatment 

in KDM5A OE cells, HCT 116 cells were transfected with and without 

pcDNA3.1/HA vector only, pcDNA3.1/HA-KDM5A, and pcDNA3.1/HA-

KDM5AH483A (Addgene, Plasmid # 14800) using jetOPTIMUS® reagent (Polyplus, 
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Cat# 101000006) in a 1:1.5 (v/v) ratio. Media was changed 4 hours post-

transfection. After 24 hours post-transfection, the media was changed, and cells 

were treated with 1 μM doxorubicin (concentration determined above). Cells were 

left to grow for another 24 hours at 37oC. 48 hours post-transfection, cells were 

trypsinized, collected and washed with ice cold sterile 1X PBS and centrifuged (0.2 

x g for 5 min at 4oC). Cell pellets were resuspended in lysis buffer containing 50 

mM-Tris-base solution (pH 7.5), 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 

1mM DTT, protease inhibitors (1 mM PMSF, 0.5 μM Aprotinin, 10 μM E-64, 1 μM 

Pepstatin). Cells were then lysed at 4oC for 60 while rotating min and collected by 

centrifugation (18000 x g for 30 min at 4oC). Soluble protein was collected from the 

supernatant and quantified through Bradford assay138.   

For p53-53BP1 co-immunopreciptation, 1 mg of protein lysate in 500 µL 

p53-coIP buffer (50 mM-Tris-base solution (pH 7.5), 150 mM NaCl, 10% glycerol, 

0.05% Triton X-100, 1mM PMSF) was incubated with 2 µg of mouse monoclonal 

anti-p53-IgG2a antibody (DO-1, Santa Cruz Biotechnology, Cat# sc-126) with 

rotation at 4oC overnight. 30 µL of protein A-agarose beads (BioBasic, Cat# 

msa015005) were added to each sample for 4 hours at 4oC. After, the beads were 

washed 2 times in 300 μL p53-coIP wash buffer (50 mM-Tris-base solution (pH 

7.5), 150 mM NaCl, 10% glycerol, 0.005% Triton X-100, 1mM PMSF). Bound 

proteins were eluted using 30 µL of 2X Laemmli sample buffer (100 mM Tris-HCl 

pH 6.8, 4% SDS, 20% Glycerol, 200 mM β-mercaptoethanol, 0.2% Bromophenol 

blue) and heated for 5 min at 90-100oC.  
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Nutlin 3A treatment  

HCT 116 cells were seeded in a 10 cm2 plate (2.2 x 106 cells/ plate) and 

adhered overnight. Cells were treated without and with 1-20 μM Nutlin 3A and 0 

μM (DMSO vehicle control) for 24 hours. After 24 hours, cells were trypsinized, 

collected and washed with ice cold sterile 1X PBS and centrifuged (0.2 x g for 5 

min at 4oC). Cell pellets were resuspended in lysis buffer containing 50 mM-Tris-

base solution (pH 7.6), 150 mM NaCl, 10% glycerol, 0.5% NP-40, 1mM DTT, and 

protease inhibitors (1 mM PMSF, 0.5 μM Aprotinin, 10 μM E-64, 1 μM Pepstatin). 

Cells were lysed at 4oC for 60 min while rotating and collected by centrifugation 

(18000 x g for 30 min at 4oC). Protein supernatant was collected and quantified 

through Bradford assay138. Total protein lysates were diluted to the same 

concentration and had equal volume mixed with 2X Laemmli sample buffer (100 

mM Tris-HCl pH 6.8, 4% SDS, 20% Glycerol, 200 mM β-mercaptoethanol, 0.2% 

Bromophenol blue) and heated for 5 min at 90-100oC. Samples were then 

subjected to subsequent western blot analysis, described below (Appendix G, Fig. 

G1).  

  For treatment of HCT 116 cells, an optimized treatment condition of 10μM 

Nutlin 3A and 1% DMSO (vehicle control) for 24 hours was used. Briefly, fresh 

DMEM+/+ was added day of and cells were transfected with and without 

pcDNA3.1/HA vector only, pcDNA3.1/HA-KDM5A, and pcDNA3.1/HA-

KDM5AH483A (Addgene, Plasmid # 14800) using jetOPTIMUS® reagent 

(Polyplus, Cat# 101000006) in a 1:1.5 (v/v) ratio. Media was changed 4 hours 

post-transfection. After 24 hours post-transfection, the media was changed 
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again, and cells were treated with 10 μM Nutlin 3A. Cells were left to grow for 

another 24 hours at 37oC. 48 hours post-transfection, cells were trypsinized, 

collected and washed with ice cold sterile 1X PBS and centrifuged (0.2 x g for 5 

min at 4oC). Cell pellets were resuspended in lysis buffer containing 50 mM-Tris-

base solution (pH 7.6), 150 mM NaCl, 10% glycerol, 0.1% NP-40, 1mM DTT, and 

protease inhibitors (1 mM PMSF, 0.5 μM Aprotinin, 10 μM E-64, 1 μM 

Pepstatin). Cells were lysed at 4oC for 60 while rotating min and collected by 

centrifugation (18000 x g for 30 min at 4oC). Protein supernatant was collected 

and quantified through Bradford assay138 

 For p53-TAF5 co-immunopreciptation, after protein quantification, 1 mg of 

protein lysate in 500 µL p53-coIP buffer (50 mM-Tris-base solution (pH 7.6), 150 

mM NaCl, 10% glycerol, 0.05% NP-40, 1mM PMSF) was incubated with 1 µg of 

mouse monoclonal anti-p53-IgG2a antibody (DO-1, Santa Cruz Biotechnology, 

Cat# sc-126) with rotation at 4oC overnight. 30 µL of protein A-agarose beads 

(BioBasic, Cat# msa015005) were added to each sample for 4 hours at 4oC. 

After, the beads were washed 2 times in 300 μL p53-coIP wash buffer (50 mM-

Tris-base solution (pH 7.6), 150 mM NaCl, 10% glycerol, 0.005% NP-40, 1mM 

PMSF). Bound proteins were eluted using 40 µL of 2X Laemmli sample buffer 

(100 mM Tris-HCl pH 6.8, 4% SDS, 20% Glycerol, 200 mM β-mercaptoethanol, 

0.2% Bromophenol blue) and heated for 5 min at 90-100oC.  
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P53-K370me AP-MS/MS  

HeLa cells were harvested with ice cold sterile 1X PBS and pelleted by 

centrifugation. Cell pellets were resuspended in 5x of pellet cell volume in lysis 

buffer containing 50 mM-Tris-base solution (pH 8.0), 150 mM NaCl, 1% NP-40, 

PMSF and antiproteases (Roche). Cells were then lysed at 4oC for 30 under 

rotation and subjected to sonication at high intensity for 5 min, followed by resting 

on ice for 10 min. Cells were then collected by centrifugation (21,000 x g for 30 

min at 4oC) and the supernatant was collected and filtered using 0.2 μM filters.  

To perform p53-K370me3/2/1/0 peptide pull-down, 10 µl of streptavidin 

sepharose beads (GE Healthcare) were saturated with 7.5 µg of either p53-

K370me3/2/1 or Kme0 biotinylated peptides in peptide binding buffer (50 mM Tris 

pH 8, 150 mM NaCl, 0.5 % NP40, 0.5 mM DTT, 10 % glycerol, complete 

protease inhibitors (Roche)) for 2 h at 4 °C with rotation. Next, beads were 

washed in the peptide binding buffer and incubated with 1 mg of whole cell 

soluble protein extract for 4 h at 4oC with rotation. Beads were then washed 3 

times in peptide binding buffer. For mass spectrometry analyses, proteins still 

bound to beads were denatured and disulfide bonds reduced in digestion buffer 

(100 mM Tris (pH 8.0), 2 M urea and 10 mM DTT), after which cysteines were 

alkylated using 50 mM iodoacetamide. Then proteins were digested from the 

beads overnight using trypsin. Each digested sample (i.e., p53-K370me3/2/1 or 

Kme0 peptides interactors) was loaded on StageTip for purification, followed by 

differential isotope labeling with either light (CH2O) or heavy (CD2O) 

formaldehyde in the presence of sodium cyanoborohydride. Each pair of 
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corresponding peptide pull-downs (Forward= p53-K370me0/CH2O vs p53-

K370me3/CD2O; Reverse = p53-K370me3/CD2O vs p53-K370me0/CH2O) were 

then pooled and analyzed using reverse phase Easy-nLC 1000 coupled online to 

a Thermo Fisher Orbitrap Fusion Tribrid mass spectrometer using a 140 minute 

gradient of buffer B (80% Acetonitrile, 0.1% TFA). Raw data were analyzed using 

MaxQuant (RRID:SCR_014485) software to quantify the ratio of each potential 

binder to the p53-K370me0 and p53-K370me3 or Kme2 or Kme1 peptides and 

further filtered for contaminants and reverse hits using Perseus software. 

Proteins identified as outlier in both experiments are assigned as significant 

interactors and written either in blue (methyl interactors) or red (methyl-repelled 

interactors). 

 

Data analysis 

With the relative demethylation activity derived from our mutated H3K4 

PPS library, we used Peptide Specificity Analyst (PeSA) software to determine a 

candidate substrate recognition motif for in vitro substrates (i.e., a specific 

sequence of amino acids that required to be a KDM5A substrate)125. These 

weight-based motifs are constructed using the activity data and a user defined 

threshold that is set relative to the positive control125. The threshold reflects the 

minimum activity required for any mutated peptide substrate to have KDM5A 

activity exhibited towards it.  For example, if the user would like to include any 

amino acid mutations that retained 50% of the WT H3K4me3 demethylation 

activity, then they could produce a 50% activity threshold recognition motif.  
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Results 

Application of a PPS library to determine substrate preference of KDM5A1-588ΔAP 

As addressed in previous chapters, we have demonstrated the 

applicability of the commercially available Promega Succinate-Glo™ assay to 

monitor succinate production as a measure of KDM activity92,93,123,139. Here, we 

applied our PPS library to study KDM5A1-588ΔAP substrate specificity, as well as 

predict potential substrates in which KDM5A1-588ΔAP may demethylate in vitro. To 

begin, we successfully purified KDM5A1-588ΔAP from Escherichia coli (Fig. 5.1A). 

We then validated its activity towards the WT H3K4me3 peptide substrate and 

identified an optimal concentration (1.8 μM) of KDM5A1-588ΔAP to be used in our 

demethylase reaction conditions (Fig. 5.1B). We then validated the methyl-state 

specificity of KDM5A1-588ΔAP for H3K4me0/1/2/3 peptides (Fig. 5.1C). As 

expected, KDM5A1-588ΔAP demethylation of H3K4me3 was the most active, 

whereas the H3K4me2 substrate demonstrated 40% of the relative H3K4me3 

activity (p < 0.05). The H3K4me1/0 substrates did not produce a signal 

significantly above background level. Furthermore, no measurable activity was 

found for either the no peptide or no enzyme negative controls. From this data, 

we were confident the KDM5A1-588ΔAP enzyme concentration, reaction 

parameters and succinate-based detection assay were optimized to study the 

KDM5A1-588ΔAP substrate preference through the PPS library.  

As done previously, given the established H3K4me3/2 protein substrate 

for the KDM5 family, we applied our novel permutated peptide substrate library to 

assess KDM5A1-588ΔAP substrate preference(s). Briefly, our novel PPS library was 
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based on the systematic mutation of the H3K4me3 substrate sequence 

surrounding the lysine 4 methylation site. This resulted in a library of 180 unique 

peptides, whereby each peptide contains a single amino acid mutation to one of 

the remaining 19 amino acids, from the -3 position to +5 position around the tri-

methylated K4 position (i.e., ARTKme3QTARKSTGGKA; K4 position underlined, 

permutated region in italics/bold). KDM5A1-588ΔAP activity towards each 

permutated peptide was then assessed by demethylation assay to determine 

substrate preference (Fig. 5.1D).  KDM5A1-588ΔAP activity was monitored relative 

to the wild-type (WT) H3K4me3 (positive control, set to 1) and the H3K4me0 

(negative control, set to 0) peptides and no enzyme/peptide controls were 

included in all assays. We then determined candidate substrate recognition 

motifs reflective of 25%, 50%, 75% and 100% relative H3K4me3 activity 

thresholds using Peptide Specificity Analyst (PeSA) software125 (Appendix E, Fig. 

E1A). With the goal to accurately predict substrates while maintaining some 

flexibility on amino acid substitutions, we decided to choose a relative H3K4me3 

activity threshold of 75% for our substrate predictions (Fig 5.1E).   
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Figure 5.1. Determining KDM5A1-588ΔA  specificity by permutated peptide 

substrate library. A. SDS-PAGE image showing purified KDM5A1-588ΔAP used in 

this study. B. Luminescence-based detection of KDM5A1-588ΔAP demethylation of 

WT H3K4me3 peptide. The dashed line indicates the optimal [KDM5A1-588ΔAP] 

concentration to use in subsequent in vitro experiments which was (1.8 μM). 

Luminescence averages were normalized by background signal. Results are 

mean ± std. error (n=3). C.  Luminescence detection of KDM5A1-588ΔAP 

demethylation of H3K4me0, H3K4me1, H3K4me2, and H3K4me3 peptides. 

Luminescence averages were normalized by background signal, and relatively 

quantified to H3K4me3 peptide luminescence (set to 1). Results are mean ± std. 

error (n=3). * indicates p < 0.05 from me0 data. D. Detection of KDM5A1-588ΔAP 
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demethylation activity with H3K4me3 peptide substrates that contain single 

amino acid mutation. Data was normalized to the H3K4me3 peptide at each 

mutation position (set to 1 for each relative position). Results are mean of (n=3-

4). Digitized depiction of permutation array shows mean demethylation activity. 

E. KDM5A1-588ΔAP recognition motif derived from relative KDM5A1-588ΔAP 

demethylation activity towards permutated peptide substrate library. Motif is 

reflective of amino acid substitutions that maintained 75% of KDM5A1-588ΔAP 

activity relative to H3K4me3. Motif image created using PeSA software125. Figure 

caption continued from Figure 5.1 (page 159).  
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Identification of potential novel p53-K370me3 substrate for KDM5A 

Once we were able to construct our permissive KDM5A1-588ΔAP recognition 

motif reflective of a 75% relative H3K4me3 activity threshold (Fig. 5.1E), we used 

this motif to identify high-ranking substrates in which we synthesize peptides of to 

monitor KDM5A1-588ΔAP activity on (Fig. 5.2A). Applying this 75% motif yielded 20 

high-ranking substrates to further assay in vitro. This was advantageous as it 

allowed us to reduce stringency of downstream analysis opposed to the 

application of other motifs (i.e 25%, 50%) which would have yielded high-ranking 

substrate numbers that were >100 (Appendix E, Fig. E1B). Once we synthesized 

peptides reflective of the high-ranking substrates, we assessed KDM5A1-588ΔAP 

activity on these 20 high-ranking substrates in vitro. One of the peptides was 

reflective of the p53-K370me3 predicted substrate and we observed significant 

KDM5A1-588ΔAP activity towards it (Fig 5.2B). As we were able to monitor KDM5A1-

588ΔAP activity towards the p53-K370me3 substrate peptide, we wanted to 

determine if KDM5A1-588ΔAP activity was observed towards the p53-K370 peptide 

regardless of its methyl state. We observed significant KDM5A1-588ΔAP activity (p < 

0.05) towards only the p53-K370me3 substrate, and non-significant activity to the 

other p53-K370 peptides of varying methylation degrees, in relation to the 

H3K4me3 control peptide (Fig. 5.2C). As we had already purified KDM5A1-801 

and validated its activity and methyl-state specificity (shown in previous Chapter 

3; Appendix E, Fig. E2A-C), we then wanted to further validate this potential p53-

K370me3 substrate using sf9 insect-cell expressed KDM5A1-801. We confirmed in 

vitro that sf9 expressed KDM5A1-801 displayed comparable activity (p < 0.05) 
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towards the p53-K370me3 substrate peptide that it did with the WT H3K4me3 

substrate peptide activity (Fig. 5.2D). We also verified that KDM5A1-801 activity 

towards the p53-K370me3 peptide was not only methyl specific, but site specific 

as well (Appendix E, Fig. E3). Given there are other methylated lysine residues in 

the C-terminal regulatory domain of p53182, we wanted to ensure we were 

assessing the correct position with the potential KDM5A1-801 demethylation of this 

substrate. Furthermore, we also confirmed that in vitro, KDM5A is the only 

member of the KDM5 family the appears to target the p53-K370me3 substrate 

(Fig. 5.2E). From these results we decided to go forth and begin examining if 

KDM5A targets the p53-K370me3 substrate in a cellular context.  
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Figure 5.2. Monitoring KDM5A demethylation of p53-K370me3 substrate A. 

KDM5A predicted substrates based on ΔAP KDM5A recognition motif. 

Approximately 2100 predicted substrates were fit to a Gaussian distribution for 

further statistical analysis. B. Detection of KDM5A1-588ΔAP demethylation activity 

towards high ranked synthesized substrate peptides. Results are mean ± std. 

error (n=3). C. Detection of KDM5A1-588ΔAP demethylation of p53-K370me0, p53-

K370me1, p53-K370me2, and p53-K370me3 peptides. Luminescence averages 

were normalized by background signal, and relatively quantified to H3K4me3 

peptide luminescence (set to 1). Results are mean ± std. error (n=3). D. 

Detection of KDM5A1-801 demethylation of H3K4me0, H3K4me1, H3K4me2, 

H3K4me3 and p53K370me0, p53K370me1, p53K370me2, and p53K370me3 
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peptides. Luminescence averages were normalized by background signal, and 

relatively quantified to H3K4me3 peptide luminescence (set to 1). Results are 

mean ± std. error (n=3). E. Detection of KDM5A1-801, KDM5B1-821, KDM5C1-765, 

and KDM5D1-775 demethylation of p53K370me3 peptide. Luminescence averages 

were normalized by background signal, and relatively quantified to H3K4me3 

peptide luminescence (set to 1). Results are mean ± std. error (n=3). Figure 

caption continued from Figure 5.2 (page 163). 
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Examining novel KDM5A mediated demethylation of p53-K370me3 substrate in 

HCT116 cells and subsequent biological effects 

We decided to examine the potential KDM5A mediated demethylation of 

p53-K370me3 in HCT 116 cells as it is a cell line with established WT p53-

K370me function179. A full-length WT KDM5A overexpression construct, as well 

as a catalytically inactive KDM5A H483A mutant construct, was used to 

determine whether we could observe changes in the methylation levels of p53-

K370 as a result of KDM5A activity. To begin, we first sought out to examine 

H3K4me3 levels in HCT 116 cells upon treatment of the cells with our 

overexpression plasmids. We overexpressed our pcDNA3.1 vector control, WT 

KDM5A and Mut KDM5AH483A overexpression plasmids and immunoblotted for 

H3K4me3 using isolated histone protein (Fig. 5.3A). As expected, when 

compared to the vector control, we observed a decrease in H3K4me3 levels 

upon WT KDM5A overexpression and an increase in H3K4me3 levels upon Mut 

KDM5AH483A overexpression. From these results we decided to proceed with 

examination of the p53-K370 methylation.  

To examine p53-K370 methylation levels in HCT 116 cells, we 

overexpressed pcDNA3.1 vector control, WT KDM5A and Mut KDM5AH483A and 

examined p53-K370 methylation levels (Fig. 5.3B). Figure 5.3B shows a 

distinctive increase of p53-K370me2/1 levels in response to WT KDM5A 

overexpression, when compared to the vector only control and Mut KDM5AH483A 

overexpression. Specifically, we observed an increase of over 45% (p < 0.05; 

n=3) in p53-K370me1 levels (Fig. 5.3C) as a response to WT KDM5A 
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overexpression, when compared to the vector control. Similarly, we observe an 

increase of over 45% (p < 0.05; n=3) in p53-K370me2 levels (Fig. 5.3D) as a 

response to WT KDM5A overexpression when compared to the vector control. 

As there are no commercially available p53K370me3 antibody that exists, and 

we were unsuccessful in generating a specific custom antibody, we aimed to 

monitor p53-K370me3 via PRM-MS/MS. This was achieved through tryptic 

cleavage of the protein and C18-cleanup to monitor p53-K370me3 methylation 

as a response to overexpression of pcDNA3.1 vector control, WT KDM5A and 

Mut KDM5AH483A in HCT116 cells. We were able to see a decrease in the 

detection of EPGGSRAHSSHLK(me3) peptide in response to WT KDM5A 

overexpression in by over 60% and an increase by 20% upon Mut KDM5AH483A 

overexpression (Fig. 5.3E-F). This result is supported as we observed a 

decrease in p21 levels as a response to WT KDM5A overexpression when 

compared to the vector control by western blotting (Fig. 5.3B). This same result 

was observed when performing qPCR on p21 and p53 from HCT 116 cells (Fig. 

5.3G). We observe a significant reduction (p < 0.05; n=4) in p21 expression when 

WT KDM5A was overexpressed, whereas p53 expression maintained relatively 

consistent suggesting that changes in p53 activity in response to KDM5 

expression are not likely driven through changes in H3K4me3 at p53 promoter 

sites.  

We then sought out to identify if KDM5A expression has subsequent 

effects on a known interactor of p53. Specifically, given the effect that p53-

K370me has on directing p53 interaction with 53BP1, we wanted to see if 
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KDM5A mediated demethylation of p53K370me3 would encourage or antagonize 

this interaction67. To begin, as 53BP1 is recruited to interact with p53 in a DNA 

damage-responsive manner, we first had to encourage this interaction by 

inducing DNA damage183. Using doxorubicin, a well-established inducer of DNA 

damage through both intercalation into DNA and inhibition of topoisomerase-II-

mediated DNA repair, we aimed to determine an optimal concentration to both 

activate p53 transcriptional activity, as well as increase 53BP1 expression184. We 

were able to demonstrate an optimal [doxorubicin] of 1 μM was sufficient in both 

increasing 53BP1 expression and activating p53 transcriptional activity (Fig 

5.3H). We then overexpressed pcDNA3.1 vector control, WT KDM5A and Mut 

KDM5AH483Ain in tandem with treating 1 μM of doxorubicin in HCT 116 cells to 

determine if we could see if KDM5A expression had effects on the p53-53BP1 

interaction. We were able to observe an increase in the amount of 53BP1 that 

was co-immunoprecipitated with p53, as a result of WT KDM5A expression (Fig. 

5.3I). This data suggests that KDM5A overexpression drives the demethylation of 

the p53-K370me3 down from the tri-methylated state, allowing for 53BP1 to 

interact with p53. This is significant as it is the first documentation of how KDM5A 

can not only target a non-histone protein for demethylation, but as a result 

influences the subsequent biological interaction with methyl binding domain-

containing proteins.  
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Figure 5.3. Analysis of KDM5A mediated demethylation of p53-K370me3 

substrate in HCT116 cells A. Western blot analysis to confirm overexpression 

of WT KDM5A and Mut H483A KDM5A plasmids in HCT 116 cells. B. Western 

blot analysis of p53 immunoprecipitation (IP) samples to test effects of KDM5A 

over-expression on p53-K370me1/2, total p53 and p21 expression in HCT 116 

cells. C. Densitometry of p53-K370me1 levels in response of WT KDM5A and 

Mut H483A KDM5A overexpression. Results are mean ± std. error (n=3). * 

Indicates p < 0.05 from vector control.  D. Densitometry of p53-K370me2 levels 

in response of WT KDM5A and Mut H483A KDM5A overexpression. Results are 

mean ± std. error (n=3). * Indicates p < 0.05 from vector control. E-F. PRM-

MS/MS analysis of p53 immunoprecipitation (IP) from HCT116 cells to determine 
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levels of p53 K370me3 expression upon KDM5A over-expression, analyzed 

through mass spectrometry. G. qPCR analysis of p53 and p21 gene expression 

in HCT116 cells to test p53 transcriptional activity because of KDM5A over-

expression. Results are mean ± std. error (n=4). * Indicates p < 0.05 from vector 

control. H. Doxorubicin does response in HCT 116 cells. Western blot analysis to 

determine optimal concentration of Doxorubicin to use in HCT 116 cells for p53 

activation and to induce 53BP1 expression. * Indicates the concentration of 

doxorubicin used going forward. I. Western blot analysis of 53BP1-p53 co-

immunoprecipitation in HCT116 cells in response to WT KDM5A and Mut 

KDM5AH483A. Figure caption continued from Figure 5.3 (page 168). 
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Examining novel KDM5A mediated demethylation of p53-K370me3 in HEK 293  

Upon examining these results in HCT 116 cells, we then looked to 

investigate whether these results could be duplicated in another cell line. We 

chose HEK293 cells as they are also a cell line expressing WT p53185 and we 

followed the same experiments as with HCT 116 cells. Briefly, we first validated 

the expected changes in H3K4me3 methylation is response to WT/Mut KDM5A 

overexpression (Appendix F, Fig. F2A). We then examined p53-K370 

methylation levels in HEK 293 cells in response to WT/Mut KDM5A 

overexpression (Appendix F, Fig. F2B). In HEK 293 cells, we observed an 

increase of 80% (p < 0.05; n=3) in p53-K370me1 levels in response to KDM5A 

overexpression, when compared to the vector control (Appendix F, Fig. F2C). 

Likewise, we observe an increase of over 100% (p < 0.05; n=3) in p53-K370me2 

levels in response to KDM5A overexpression when compared to the vector 

control (Appendix F, Fig. F2D). Upon observing these increases in p53-

K370me2/1 level, we then aimed to determine if p53-370me3 levels were 

responsive to WT and Mut KDM5A overexpression via PRM-MS/MS. Again, 

through tryptic cleavage of p53 IP and C18-cleanup, we were able to observe 

p53-K370me3 methylation as a response to overexpression of pcDNA3.1 vector 

control, WT KDM5A and Mut KDM5AH483A in HEK293 cells. We were able to see 

a decrease in the amount of detectable EPGGSRAHSSHLK(me3) peptide in 

response to WT KDM5A overexpression in by over 40% and an increase by over 

100% upon Mut KDM5AH483A overexpression (Appendix F, Fig. F2F-G). Similarly, 

p21 protein expression was observed in HEK 293 treated cells and found to 
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decrease following WT KDM5A overexpression by western blotting (Appendix F, 

Fig. F2B). We also show that p21 expression decreased when WT KDM5A was 

overexpressed, whereas p53 expression maintained relatively consistent 

(Appendix F, Fig. F2E).  

 

Determining novel TAF5 interaction with p53 through K370me3 methylation 

status  

As it is unlikely that p53-K370me3 serves solely to generate lower 

methylation states, the last avenue we wanted to investigate was if we could 

identify any PPIs associated with the p53-K370me3 modification. To identify a 

potential PPI, collaborators at the Institute for Advanced Biosciences at Grenoble 

Alpes University performed a peptide pull down experiment coupled with 

reductive dimethylation for stable isotope labelling and mass spectrometry (LC-

MS) analysis in order to identify any novel PPIs associated with the p53-

K370me3 (Fig. 5.4A). Briefly, p53-K370me interacting proteins were enriched by 

incubating whole cell lysate with immobilized p53-K370me3 or p53-K370me0 

peptide. While interacting proteins were still bound to the p53-K370me3/0-bead 

complex, they were denaturated, trypsin digested and C18 cleaned. The digested 

peptides were subjected to differential dimethyl labeling through either light 

(CH2O) or heavy (CD2O) labeled formaldehyde, which naturally reacts with 

primary amines which are present on the N-terminus of the digested peptides186. 

As these isotopes have an associated mass shift (+6.0377 Da / free amine), 

through pooling heavy and light treated formaldehyde peptides together one can 
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quantify relative interacting protein abundance between p53-K370me3/0 protein 

binders186.  

We investigated whether we could pull out interacting proteins from cell 

lysate using p53K370me3/2/1 peptide(s) as bait, and a p53K370me0 peptide as 

a control (Table 5.1; Appendix H, Table H1, H2). These experiments successfully 

identified TAF5, TAF9 and CDYL (Fig. 5.4B) as p53-K370me3 interactors; 

however, TAF5 was the only one quantifiable interaction to pulled out from both 

conditions (Table 5.1). Moreover, TAF5 had the largest number of unique 

peptides pulled out and identified with the p53-K370me3 peptide and therefore, 

was the most confident result (Table 5.1). TAF5 (Transcription initiation factor 

TFIID subunit 5) is a TATA-box binding protein (TBP) and part of the transcription 

factor IID (TFIID) complex and associates strongly with other TAF complexes 

involved in H3-related TAF complexes involving TAF9/TAFII31187. 

Fundamentally, TATA-box binding proteins binds with the negative charge in the 

phosphate groups in the backbone of DNA through positively charged arginine 

and lysine residues in the protein187. Recently, researchers have shown the 

ability to pull out a number of TAF proteins, including TAF5 with p53 in U2OS 

cells188. They identified that TAF5 appears to interact in the C-terminus of p53 

but were unable to identify the mechanism of the interaction188. As a result of this 

insight and the data obtained from our collaborators, we look to determine if this 

interaction is dependent on the p53-K370me3 site.  
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Figure 5.4. Identification of new TAF5 interaction with p53 K370me3 site 

through p53-K370me3 peptide pull down coupled with reductive 

dimethylation. A. Experimental overview of peptide pull down experiment 
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coupled with reductive dimethylation for stable isotope labelling and mass 

spectrometry (LC-MS) analysis. Biotinylated p53K370me3/2/1 peptides were 

used as bait (Biotin(N-terminal)-ahx-RAHSSHLK(me3/2/1)SKKGQST) and a 

biotinylated p53K370me0 (Biotin(N-terminal)-ahx-RAHSSHLK(me0)SKKGQST) 

peptide was used as a control. Created with BioRender.com. B. Results of p53-

K370me3 peptide pull down coupled with reductive dimethylation. MS/MS 

analysis identified 3 unique proteins that interacted strongly with p53-K370me3 

peptide. TAF5 was only unique repeating peptide shown to display a quantifiable 

change in response to both heavy isotopic and light lysine labeling. Figure 

caption continued from Figure 5.4 (page 174). 
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Table 5.1. Results of p53-K370me3 peptide interactomics through p53-

K370me3 peptide pull down coupled with reductive dimethylation. MSMS 

analysis identified 3 unique protein peptides that interacted strongly with p53-

K370me3 peptide. 
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Characterization of the novel TAF5-p53-K370me3 interaction  

To investigate whether this p53-TAF5 interaction occurs in HCT 116 cells, 

we first began with attempting to co-IP TAF5 with p53. We were successful in co-

immunoprecipitating TAF5 and p53 using an anti-p53 antibody (Fig. 5.5A). In 

order to determine whether we could further encourage/improve this interaction, 

we attempted to use Nutlin 3A to stabilize p53189. As typically MDM2 binds to p53 

and negatively regulates its transcriptional activity and stability, Nutlin 3A 

functions by inhibiting MDM2 binding of p53189. Through chemical MDM2 

inhibition, we wanted to observe whether we could further encourage the TAF5-

p53 interaction. After performing a Nutlin 3A dose response in HCT 116 cells, we 

determined an optimal [Nutlin 3A] to use was 10 μM (Appendix G, Fig. G1). Upon 

treating cells with Nutlin 3A, we were able to see a slight (~10%) increase in the 

amount of TAF5 that was co-immunoprecipitated with p53 (Fig. 5.5B). From 

these results, we looked to determine what effect WT KDM5A and Mut 

KDM5AH483A expression would have on this TAF5-p53 interaction. We observed 

that both WT KDM5A and Mut KDM5AH483A overexpression increased the amount 

of TAF5 that was immunoprecipitated with p53 (Fig. 5.5C). When factoring in the 

amount of p53 used to pull out TAF5, we observed a >50% increase in the 

amount of TAF5 that was co-immunoprecipitated with p53, as a result of Mut 

KDM5AH483A overexpression (Fig. 5.5D). Here, we have demonstrated how by 

increasing the amount of mutant, inactive KDM5AH483A expression in HCT116 

cells suggests the encouragement of the novel TAF5-p53K370me3 interaction. 

Ultimately, this is significant as not only have we provided proof of a novel PPI 
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between TAF5 p53 through the K370me3 site, but we have shown how KDM5A 

expression influences the amount of TAF5 that interacts with p53. Moreover, we 

have demonstrated how KDM5A can target this first identified non-histone 

substrate for the KDM5 family in p53-K370me3, but also how KDM5A mediated 

demethylation of this substrate can influence subsequent biological PPIs 

associated with p53.  
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Figure 5.5. Investigation of KDM5A influence on novel TAF5-p53 

interaction. A. Western blot examination of TAF5-p53 co-immunoprecipitation in 

HCT116. B. Western blot analysis of Nutlin 3A-mediated stability of TAF5-p53 

interaction. TAF5-p53 were co-immunoprecipitation in HCT116. C. Western blot 

analysis of TAF5-p53 co-immunoprecipitation in HCT116 cells in response to WT 

KDM5A and Mut KDM5AH483A expression in tandem with 10 μM Nutlin 3A 

treatment. D. Densitometry of TAF5 levels relative to p53 levels in response of 

WT KDM5A and Mut H483A KDM5A overexpression in tandem with 10 μM Nutlin 

3A treatment.  
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Discussion 

Using our approach to studying KDM5A1-588ΔAP substrate preference using 

our highly specialized PPS library, we were able to determine KDM5A1-588ΔAP 

substrate preference. Our analysis resulted in an enrichment of candidate 

KDM5A substrates from the thousands unique sites within the currently 

methyllysine proteome130; identifying 20 in vitro substrates for KDM5A that we 

assessed in vitro (Fig. 5.2A-B). From these, KDM5A1-588ΔAP demonstrated 

significant in vitro activity towards the p53-K370me3 substrate (Fig. 5.2B). We 

subsequently demonstrated KDM5A1-801 activity towards the p53-K370me3 

substrate and consequently, began investigating this enzyme-substrate 

relationship in a cellular context. Our results demonstrate that KDM5A 

demethylates p53 at the lysine 370 residue in HCT 116 cells (Fig. 5.3B-F), as 

well as HEK 293 cells (Appendix F, Fig. F2B-D, F-G) driving the methylation 

state down to the lower K370me2 and K370me1 states. We also demonstrated 

how KDM5A expression influences p53’s interaction with 53BP1 (Fig. 5.3I) and 

how KDM5A expression influences a novel p53 PPI with TAF5 (Fig. 5.5C); an 

interaction not previously reported in literature.  

It is well established that KDM5 demethylases target the histone 

H3K4me3/2 substrate for demethylation, leading to transcriptional regulation48. 

As a result, this is where majority of the research surrounding the cellular 

function of KDM5 have been devoted towards69. Here, we have provided the first 

evidence that a member of the KDM5 family, KDM5A, can target a non-histone 

substrate for demethylation. This study effectively demonstrates another 
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mechanism of how KDM5A might influence cellular regulation. In this study, we 

have found that the p53-K370me2/1 level increase in response to WT KDM5A 

overexpression, suggesting that KDM5A targets the p53-K370me3/2 substrate 

(Fig. 5.3B). These results compliment the study done by Huang et al., who 

demonstrated that KDM1A/LSD1 targets the p53-K370me2/1 substrate for 

demethylation67. It should be noted that KDM5A and KDM1A both target the 

H3K4me3/2 and H3K4me2/1 substrates, respectfully48,61. This is significant as 

this is the first evidence of KDMs from different families that target two of the 

same substrates, one histone and one non-histone.  

There has been extensive research done on how different methylation 

states (e.g., Kme1 vs. Kme2) can dictate the binding of specific effector proteins 

containing MBDs30,35,39,50,52. In this study, we found that KDM5A-mediated 

changes to p53-K370 methylation levels effected the interaction between p53 

and the Tudor MBDs of 53BP1 (Fig. 5.3I). During stress such as DNA damage, 

53BP1 binds to p53-K370me2 through the 53BP1 tandem Tudor MBDs, an 

interaction specific to that methylation site and state67. The demethylation activity 

of KDM5A therefore appears to encourage the p53-53BP1 interaction upon DNA 

damage. This can be seen in the decrease in p21 levels in Figure 5.3B. The 

decrease in p21 levels is significant as the KDM5A demethylation of p53 to the 

K370me1 state has been demonstrated to repress the association of p53 with 

coactivator 53BP167.This collectively has been shown to result in a decrease in 

p53 activity and a decrease in p53-responsive genes, such as p2167,190. As we 

did not induce DNA damage in Figure 5.3B, this would explain the low levels 
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seen in p21 expression. As a result of activating p53 transcriptional activity 

through doxorubicin treatments, we see an increase in p21 levels (Fig. 5.3H). 

This suggests that KDM5A overexpression is driving p53-K370 to the mono-

methyl state (p53-K370me1) when DNA damage is not induced, and to the p53-

K370me2 state in the presence of DNA damage (Fig. 5.3I).  However, the fine-

tune control of methylation dynamics is complex and is likely influenced through 

the opposing actions of KDM5A and an unknown KMT.  

The p53 protein has been well investigated to be functionally regulated 

through its highly basic C-terminal regulatory domain (CTD), effectively altering 

its transcriptional activity182,191. This dynamic regulation can be facilitated through 

the variety of effector proteins that bind to p53 in response to one, or many, 

specific PTMs182,191. In this Chapter, we have provided the possible mechanism 

of how the TAF5 transcriptional activator can interact with p53, an interaction 

facilitated by p53-K370me3, and that KDM5A can remove this modification to 

encourage p53 interaction with 53BP1. Using AP-MS/MS with p53-K370me0/3 

peptide as bait, the ability to enrich TAF5 from a total cell lysate allowed us to 

dive deeper into this potential novel PPI. Interestingly, TAF5  has already been 

shown to interact with p53 c-terminus and contains six WD40 MBDs that form a 

closed β-propeller structure to mediate methyllysine binding36,187,188. In fact, 

complementary research has shown the ability of the WD40 MBD to be able to 

bind the Kme3 mark, a trait not observed in every MBD family192. In this study, 

we found that KDM5AH483A overexpression increased the amount of TAF5 pulled 

out with p53 upon p53 stabilization with Nutlin 3A (Fig. 5.5C-D). This is significant 
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as not only have we identified a MBD-containing transcription factor that interacts 

with this p53-K370me3 site, but have shown that this interaction can be 

influenced by KDM5A expression. Regardless, this interaction and KDM5A-

mediated demethylation of the p53-K370me3 substrate adds an extra layer into 

the dynamic and complex methyl-mediated regulation of the p53 CTD.  

As a result of our findings, we propose a dynamic p53 regulation through 

KDM5A-mediated demethylation (Fig. 5.6). We show that KDM5A can 

demethylate p53-K370me3 to lower K370me1/2 states. In the presence of DNA 

damage, this KDM-substrate relationship is likely further influenced by an 

unknown K370me1 KMT to stabilize the p53-K370me2 state to encourage the 

p53-53BP1 interaction177. Our findings further propose a novel interaction 

between TAF5 and p53-K370me3 whose interaction does not depend on DNA 

damage and may possibly influence p53 transcriptional activity. Ultimately, our 

data suggests that the p53-K370me3/2 is the first non-histone substrate identified 

for any KDM5 enzyme and given the status of p53 as an oncoprotein, represents 

a modification of biological interest.  
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Figure 5.6. Schematic model for the dynamic regulation of p53-K370 

methylation and the role in regulating p53 activity and p53 protein 

interactors. When p53 is in the K370me1 state it is not transcriptionally active 

(red zone). When p53 is in the K370me2 state, it remains transcriptionally active 

(green zone). We propose when p53 is in the K370me3 state, it remains 

transcriptionally active as well as p53-K370me3 interacts with TAF5.  
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Novel systematic analysis of KDM5 family substrate preference  

 Just as other groups have done for the prediction of KMT substrates using 

permutated peptide arrays, we were able to apply the same underlying 

theoretical concepts to KDM substrate identification84,90,95,96,135. We successfully 

altered this permutated peptide array-based approach by transitioning this 

system to in-solution peptides opposed to peptides immobilized to a membrane 

to analyze KDM substrate recognition and activity. As such, by assessing KDM in 

vitro demethylation activity towards in-solutions peptides using an established 

substrate as a “positive control”, we can ensure any positive signal around or 

equal too that of the “positive control” is in fact a sign of active in vitro 

demethylation. Moreover, by using systemically permutated peptides that deviate 

by one residue of an established substrate(s), we can determine the influence 

neighbouring amino acid mutations have on promoting or inhibiting 

activity84,90,95,96,135.  

Using our novel PPS library, we have performed the first systematic 

analysis of the substrate preference of any KDM enzyme (Appendix D, Fig. 

D3). While other groups have performed alanine mutagenesis scans or mutated 

specific residues in order to explore KDM5 PHD domain binding specificity, no 

one has performed this extensive of an analysis of KDM5 (or any KDM) substrate 

recognition74. Moreover, we demonstrated how our PPS library method can be 

used for any JMJD-type KDM demethylase, granted it has 1+ established in vitro 

substrate(s). The outcome of applying our PPS library method is a detailed, 

relative quantification of specific amino acid mutations surrounding a central 
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methyllysine residue that effect substrate demethylation. As matrix and 

recognition motif analysis programs has been previously developed by the Biggar 

lab, we were able to input our data and provide visual representations of the 

influence each individual mutation has on KDM5 activity (Appendix D, Fig. D3, 

Fig. D4)125. This allowed for an analysis of key residues or physio-chemical 

properties (i.e hydrophobic, charged, etc) that were critical in substrate 

recognition of a KDM5 demethylase. This has further become beneficial for KDM 

families such as the KDM5s as they have been elusive to having full crystal 

structure models obtained.  

 

Identification of KDM5 activity towards non-histone substrates 

Using data derived from our PPS library analysis, we were able to predict 

which methyllysine-containing proteins in the methyl proteome based are likely to 

be KDM5 substrates, based on sequence similarity to our KDM5 recognition 

motifs (Fig. 4.3A-B). Databases such as PhosphoSite have large datasets of 

known protein lysine methylation sites130. By scoring these methyllysine-

modification sites, and their surrounding residues, against our substrate 

recognition motifs, we were able to predict substrates that are most likely to be 

demethylated by KDM5 in vitro (i.e. high-ranking substrates). Our analysis shows 

that our method is very effective (80-100%) in predicting which substrates will 

most likely not be demethylated in vitro (i.e medium/low-ranking substrates). 

Opposingly, it was fairly accurate (25-40%) in predicting which substrates would 

be demethylated by KDM5 in vitro (Fig. 4.4A). In other words, our method is able 
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to accurately identify true negatives to help refine and guide downstream 

identification efforts. Through our analysis, we have identified 66 unique 

candidate KDM5 substrates in which KDM5s displayed significant activity 

towards in vitro (Fig. 4.4B). Of these 66, we further validated the likelihood that, 

at least, 6 of these candidate KDM5 substrates might be targeted by KDM5 

demethylases in cells (Fig. 4.5B-C). This was accomplished through examining 

changes in methylation status via chemical inhibition of KDM5A/B/C/D.  

 

Investigation of novel KDM5A non-histone substrate: p53-K370me3  

 To truly show the potential of our PPS library-based method and substrate 

identification pipeline, we decided to focus much of our validation efforts on a 

single high-ranking KDM5A novel substrate; namely, p53-K370me3. After 

validating the ability for both recombinant KDM5A1-588ΔAP and KDM5A1-801 to 

demethylate the p53-K370me3 substrate in vitro (Fig. 5.2B-D), we further 

investigated in HCT 116 and HEK 293 cells. We revealed that KDM5A activity 

can dramatically influence the p53-K370 methylation state. Specifically, we 

showed that both p53-K370me2/1 levels increase, and p53-K370me3 levels 

decrease when WT KDM5A is overexpressed; these changes fail to be seen 

when overexpressing catalytically inactive KDM5AH483A (Fig. 5.3B-F; Appendix F, 

Fig. F2B-G).  Moreover, we showed that upon DNA damage, KDM5A expression 

encourages the p53-53BP1 interaction (Fig. 5.3I); likely as a result from 

demethylating p53-370me3 to the lower Kme2 state, permitting 53BP1 

interaction with p53 via its tandem Tudor MBD67. Beyond the scope of this single 
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substrate, our data indicates the first evidence of any KDM5-mediated 

demethylation of a non-histone substrate. At this time, the KDM5A-mediated 

demethylation of p53-K370me3 is the only evidence of a KDM5 non-histone 

substrate. Such a significant discovery supports our hypothesis that the KDM5 

family has a more diverse function(s) in the cell then just solely histone 

H3K4me3/2 demethylation and subsequent transcriptional regulation.  

 

Identification of novel TAF5-p53K370me3 interaction  

 As we had identified the p53-K370me3 site to be a KDM5A substrate, the 

biological significance of this Kme3 modification was still unknown. To gain 

insight into biological function, we set out to determine if there were any novel 

protein-protein interactions (MBD or otherwise) that could specifically exist via 

the p53-K370me3 site. Through collaboration with the Reynoird lab, a peptide 

pull down experiment coupled with reductive dimethylation for stable isotope 

labelling and mass spectrometry (LC-MS) analysis was applied to identify any 

protein that interacted with peptide corresponding to the p53-K370me3 sequence 

(and not the p53-K370me0/1/2 versions). From this analysis, we were able to 

identify a novel p53-TAF5 interaction existing only with the p53-K370me3 peptide 

(Fig. 5.4B). Although earlier groups have shown the interaction between TAF5 

and p53, the specific residue and mechanism through which this PPI was 

governed was unknown188. Once we were able to co-IP TAF5 with p53 in HCT 

116 cells, we then determined how WT KDM5A and Mut KDM5AH483A expression 

might influence this interaction. Our data shows that maintaining p53-K370 in the 
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Kme3 state permits more of the TAF5-p53 interaction to occur, suggesting that 

this interaction is more favoured by the Kme3 state (Fig. 5.5C-D). Other data 

showing how the WD40 repeat domains (present in TAF5) are able to bind to 

Kme3-containing peptides supports our findings192. Therefore, our data 

demonstrates the first evidence of a novel p53 PPI with TAF5 which is conveyed 

through the p53-K370me3 state.  

 

Conclusion(s) of thesis 

As a result of my thesis research, we have demonstrated that: 

1) We have provided a novel approach for systematic characterization of 

substrate specificity and substrate prediction for any JMJD-type KDM 

demethylase with at least one established substrate. 

2) Our method and pipeline were efficient at relatively quantifying KDM5 

substrate selection and predicting KDM5 substrates in vitro. 

3) KDM5A targets the non-histone p53-K370me3 substrate for 

demethylation. 

4) KDM5A may have an influence on DNA damage response through 

p53-K370me3 demethylation to mediate p53 interaction with 53BP1.  

5) TAF5 interacts with p53 through, at least, the K370me3 state 

 

Future Experiments 

As previously stated, although we have identified TAF5 to interact with 

p53 through its K370me3 residue, the effect TAF5 has on p53 transcriptional 

activity and/or other PPIs is unknown. As a result, one avenue to investigate is 
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whether TAF5 influence p53 transcriptional activity, such as other TAF proteins 

(e.g., TAF1 and TAF9) that are also known to interact with p53193. TAF9 was 

another protein identified in our analysis to potentially interact with p53-

K370me3. TAF9 was demonstrated to be a transcriptional co-activator of p53, 

although this was shown to be mediated through p53’s N-terminal domain193. 

TAF1 is another TAF protein shown to interact with p53188. TAF1 was shown to 

induce cell cycle G1 progression in a p53-depedent manner188. Moreover, this 

TAF1 kinase-mediated interaction contributes to p53 degradation, except upon 

DNA damage where p53 phosphorylation by TAF1 leads to p53 stabilization188. 

Both studies demonstrate how TAF9/1 have dynamic regulation of p53 function 

and stability188,193. These studies consequently open the door to investigate 

whether other members of the TFIID transcription factor complex, such as TAF5, 

have the potential to have dynamic regulation of p53 function and stability. As we 

have already identified the potential site of interaction, next steps would be to 1) 

confirm this interaction through means of crystal structure or p53-K370 

mutagenesis and 2) determine if TAF5 influences p53 transcriptional activity or 

p53 stability. This could be accomplished by examining p53 target genes 

involved in pathways such as cell cycle arrest/regulation (coupled with flow 

cytometry), apoptosis and DNA damage in a TAF5 inducible cell line.   

Although the aims of my thesis have been completed and we have 

conclusions to our original hypotheses, this research has opened the potential of 

other various KDM5 demethylation targets of other non-histone proteins. As we 

have only validated the KDM5A demethylation of the p53-K370me3 substrate, 
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there remains, at least, another 6 non-histone proteins with lysine residues where 

we observed a change in methylation upon in response to CPI-455-induced 

KDM5 inhibition. Therefore, future efforts should be focused on demonstrating 

the ability for these KDM5 enzymes to actively target non-histone protein 

substrates for demethylation, in a cellular context. As cross talk between PTMs 

become more apparent in recent years, one can look at these substrates and 

wonder if methylation might factor in the regulation of other proteins194.  

A variety of complex members had arisen in our analysis as high-ranking 

substrates, and some even had a response to KDM5 inhibition. For starters, it is 

known that KDM5B associates with the NuRD complex and one of our 

KDM5A/B-responsive peptide substrates, MTA1-K532, is also a known member 

of this complex65. Critically, MTA1-K532 was a high-ranking substrate and the 

MTA1-K532me2 has a functional significance in the formation of the NuRD 

complex142. Although the MTA1-K532me was not successfully detected in a 

PRM-MS/MS screen in any cellular condition, it should still be investigated 

whether this protein is a true substrate of KDM5B and whether KDM5B 

expression influences NuRD complex formation and regulation in an MTA-

demethylation dependent context65.  
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Appe    e  

Appendix A  

Detection of JMJD-type KDM demethylation in vitro  

 

 
Figure A1. Application of Fluoral-P based assay. Detection of formaldehyde 

standard curve using Fluoral-P. Formaldehyde standards were prepared in a 1X 

KDM5A reaction buffer. Fluorescent averages were normalized by background 

signal. Results are mean (n=3). 

 
 
 
 
 
 
 
 



216 
 

 

 
Figure A2. Application of methyl acetoacetate-based assay. A. Reaction 

mechanism formaldehyde detection. Formaldehyde production is coupled with 2- 

methyl acetoacetate in the presence of ammonia to form compound which 

absorbs light at λ = 375 nm. Reaction mechanism derived from Li et al., 2008106. 

B. Detection of formaldehyde standard curve. Formaldehyde standards were 

prepared in a 1X KDM5A reaction buffer. Absorbance averages were normalized 

by background signal. Results are mean ± S.E.M (n=3). C. Absorbance-based 

detection of KDM5A1-588ΔAP demethylation of WT H3K4me3 peptide. Absorbance 

averages were normalized by background signal. Results are mean ± S.E.M 

(n=3). 
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Figure A3. 2-methyl acetoacetanilide assay mechanism. Reaction 

mechanism for histone H3K4 demethylation. In vitro assay performed in 

Demethylase assay buffer (10 μM tri-methylated histone H3 peptide substrate, 

100 μM ascorbate, 10 μM Fe (II) and 10 μM 2-oxoglutarate). Formaldehyde 

detection reagents added in a 1:2 ratio. Formaldehyde production is coupled with 

2-methyl acetoacetanilide and ammonium acetate to form fluorescent compound 

which can be detected using excitation and emission wavelengths 260nm and 

460nm, respectfully. Figure adapted from Gholami et al., 2016108. 
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Figure A4. Application of 2-methyl acetoacetanilide-based assay. A. 

Detection of formaldehyde standard curve. Formaldehyde standards were 

prepared in a 1X KDM5A reaction buffer. Fluorescent averages were normalized 

by background signal. Results are mean ± S.E.M (n=3). B. Fluorescent-based 

detection of KDM5A1-588ΔAP demethylation of WT H3K4me3 peptide. Fluorescent 

averages were normalized by background signal. Results are mean ± S.E.M 

(n=3).  
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Figure A5. Succinate-based assay mechanism. Reaction mechanism for 

histone H3K4 demethylation. In vitro assay performed in Demethylase assay 

buffer (10 μM tri-methylated histone H3 peptide substrate, 100 μM ascorbate, 10 

μM Fe (II) and 10 μM 2-oxoglutarate). Succinate detection reagents added in a 

1:1:2 ratio. Reprinted with permission of Analytical Biochemistry.  

A  



220 
 

 

Figure A6. Application of succinate-based assay. A. Detection of succinate 

standard curve. Succinate standards were prepared in a 1X KDM5A reaction 

buffer. Luminescence averages were normalized by background signal. Results 

are mean ± S.E.M (n=3).  B.  Luminescence-based detection of KDM5A1-588ΔAP 

demethylation of WT H3K4me3 peptide. Luminescence averages were 

normalized by background signal. Results are mean ± S.E.M (n=3).    
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Table A1. Reaction parameters for 2-methyl acetoacetanilide-based KDM 

demethylation assay. 

Reaction Variable Optimized Value 

KDM5A Reaction Buffer 50 mM HEPES (pH 7.5) 
10 µM H3K4me3 peptide substrate    

10 µM alpha-ketoglutarate  
10 µM Fe (II) 

100 µM Ascorbic acid 
1% DMSO 

KDM5A reaction volume  50 µL 

pH 7.5 

Temperature 4oC during reaction set-up 
Room temperature for reaction 

duration 

Reaction time 60 min 

Detection mixture 35mM 2-methyl acetoacetanilide 
2M ammonium acetate 

Enzyme Reaction : Detection Mixture 
Ratio  

1 : 2 (v/v) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



222 
 

Appendix B 
Quantifying peptide concentration  

 

Figure B1. Peptide substrate dilution curve. Each mutated H3K4me3 peptide 

substrate was assessed by 20% SDS-PAGE to visualize synthesis product and 

concentration. Reprinted with permission of Analytical Biochemistry.  
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Appendix C 
Proposed KDM5A-mediated regulation of MTA1-NuRD co-repressor 

complex 

 

 

Figure C1. Proposed KDM5A-mediated regulation of MTA1-NuRD co-repressor 

complex dissociation and formation. Created with BioRender.com. Reprinted with 

permission of Analytical Biochemistry. 
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Appendix D 

KDM5 in vitro activity towards PPS library assessment of activity to 

predicted ranked substrates  

 
Figure D1. A. In vitro assay performed in Demethylase assay buffer (10 μM tri-

methylated histone H3 peptide substrate, 100 μM ascorbate, 10 μM Fe (II) and 

10 μM 2-oxoglutarate). Succinate detection reagents added in a 1:1:2 ratio. B. 

Luminescence-based detection of KDM5A1-801, KDM5B25-770, KDM5C1-765 and 

KDM5D1-775 demethylation of WT H3K4me3 peptide. Luminescence averages 

were normalized by background signal. Results are mean ± S.E.M of n=3. 
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Figure D2. Assessment of KDM5A/B/C/D purification A. SDS-PAGE gel of 

recombinant KDM5 demethylases. B. Immunoblotting of recombinant KDM5 

demethylases.  
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Figure D3. KDM5A/B/C/D substrate specificity matrices. A. Detection of 

relative KDM5A1-801 demethylation activity with mutated Lys4 tri-methylated 

histone H3 peptide substrates. Data was normalized to the WT H3K4me3 

peptide at each mutation position (considered as 1.00 for each position). Results 

are mean of n=3. Array image developed from PeSA125. B. Detection of relative 

KDM5B25-770 demethylation activity with mutated Lys4 tri-methylated histone H3 

peptide substrates. Data was normalized to the WT H3K4me3 peptide at each 

mutation position (considered as 1.00 for each position). Results are mean of 

n=3. Array image developed from PeSA125. C. Detection of relative KDM5C1-765 

demethylation activity with mutated Lys4 tri-methylated histone H3 peptide 

substrates. Data was normalized to the WT H3K4me3 peptide at each mutation 

position (considered as 1.00 for each position). Results are mean of n=3. Array 

image developed from PeSA125. D. Detection of relative KDM5D1-775 

demethylation activity with mutated Lys4 tri-methylated histone H3 peptide 
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substrates. Data was normalized to the WT H3K4me3 peptide at each mutation 

position (considered as 1.00 for each position). Results are mean of n=3. Array 

image developed from PeSA125. Figure caption continued from Figure D3 (page 

225). 
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Figure D4. KDM5A/B/C/D recognition motifs. A. KDM5A1-801 recognition motifs 

derived from relative KDM5A1-801 demethylation activity towards PPS library. 

Each motif is reflective of amino acid substitutions that maintained 25%, 50%, 

75% and 100% of KDM5A1-801 activity relative to the H3K4me3 activity. Motif 

images developed from PeSA125. B. KDM5B25-770 recognition motifs derived from 

relative KDM5B25-770 demethylation activity towards PPS library. Each motif is 

reflective of amino acid substitutions that maintained 25%, 50%, 75% and 100% 

of KDM5B25-770 activity relative to the H3K4me3 activity. Motif images developed 

from PeSA125. C. KDM5C1-765 recognition motifs derived from relative KDM5C1-765 

demethylation activity towards PPS library. Each motif is reflective of amino acid 

substitutions that maintained 25%, 50%, 75% and 100% of KDM5C1-765 activity 

relative to the H3K4me3 activity. Motif images developed from PeSA125. D. 

KDM5D1-775 recognition motifs derived from relative KDM5D1-775 demethylation 
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activity towards PPS library. Each motif is reflective of amino acid substitutions 

that maintained 25%, 50%, 75% and 100% of KDM5D1-775 activity relative to the 

H3K4me3 activity. Motif images developed from PeSA125. Figure caption 

continued from Figure D4 (page 227). 
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Figure D5. KDM5A/B/C/D activity towards high, medium and low ranked 

substrates. A. Detection of KDM5A1-801 demethylation activity towards high, 

medium and low ranked synthesized substrate peptides. Results are mean ± std. 

error (n=3). B. Detection of KDM5B25-770 demethylation activity towards high, 

medium and low ranked synthesized substrate peptides. Results are mean ± std. 

error (n=3). C. Detection of KDM5C1-765 demethylation activity towards high, 

medium and low ranked synthesized substrate peptides. Results are mean ± std. 

error (n=3). D. Detection of KDM5D1-775 demethylation activity towards high, 

medium and low ranked synthesized substrate peptides. Results are mean ± std. 

error (n=3). 
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Figure D6. Chromatographs of PRM-MS/MS analysis of CPI treated SKBR3 

cells.  
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Appendix E 

Development of KDM5A recognition motifs and assessment of in vitro  

activity to methylated lysine sites in p53 C-terminal regulatory domain   

 

 

Figure E1. Examining KDM5A1-588ΔA  permissive and restrictive recognition 

motifs to predict substrates. A. KDM5A recognition motifs derived from relative 

KDM5A1-588ΔAP demethylation activity towards permutated peptide substrate 

library. Each motif is reflective of amino acid substitutions that maintained 25%, 

50%, 75%, and 100% of KDM5A activity relative to H3K4me3. Motif images 

created using PeSA software125. B. KDM5A predicted substrates based on 

KDM5A recognition motif. A total of 2,155 known methylation sites (from the 

PhosphoSitePlus database130) were scored against each KDM5A recognition 

motif.  
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Figure E2. KDM5A activity toward H3K4 peptides. A. SDS-PAGE and western 

blot images showing purified KDM5A1-801 used in this study. B. Luminescence-

based detection of KDM5A1-801 demethylation of WT H3K4me3 peptide. 

Luminescence averages were normalized by background signal. Results are 

mean ± std. error (n=3). C.  Luminescence detection of KDM5A1-801 

demethylation of H3K4me0, H3K4me1, H3K4me2, and H3K4me3 peptides. 

Luminescence averages were normalized by background signal, and relatively 

quantified to H3K4me3 peptide luminescence (set to 1). Results are mean ± std. 

error (n=3). * indicates p < 0.05 from me0 data. Figures derived from Hoekstra et 

al., 2021124. 
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Figure E3. Detection of KDM5A1-801 demethylation activity to various 

methylated lysine sites in p53 C-terminal regulatory domain. Detection of 

KDM5A1-801 demethylation of H3-K4, p53-K370, p53-K372, p53-K373, p53-K382 

peptides with Kme3, Kme2, Kme1, and Kme0 degrees of methylation. 

Luminescence averages were normalized by background signal, and relatively 

quantified to H3K4me3 peptide luminescence (set to 1). Results are mean ± std. 

error (n=3). 
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Appendix F 

Development of WT and Mutant KDM5A overexpression plasmids and 

assessment of KDM5A-mediated demethylation in HEK 293 cells 

 

Figure F1. Sequencing confirmation of mutant inactive pcDNA3.1/HA-

KDM5AH483A overexpression plasmid. A. Restriction digest to confirm 

successful cloning of pcDNA3.1/HA-KDM5A overexpression plasmid. B. 

Restriction digest to confirm successful site directed mutagenesis of 

pcDNA3.1/HA-KDM5AH483A overexpression plasmid. C. Sequencing results to 

confirm successful site directed mutagenesis of pcDNA3.1/HA-KDM5AH483A 

overexpression plasmid. Mutation location highlighted by red box.  
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Figure F2. Analysis of KDM5A mediated demethylation of p53-K370me3 

substrate in HEK293. A. Western blot analysis to confirm overexpression of WT 

KDM5A and Mut H483A KDM5A plasmids in HEK 293 cells. B. Western blot 

analysis to test effects of KDM5A over-expression on p53-K370me1/2, total p53 

and p21 expression in HEK 293 cells. C. Densitometry of p53-K370me1 levels in 

response of WT KDM5A and Mut H483A KDM5A overexpression. Results are 

mean ± std. error (n=3). * indicates p < 0.05 from vector control. D. Densitometry 

of p53-K370me2 levels in response of WT KDM5A and Mut H483A KDM5A 

overexpression. Results are mean ± std. error (n=3). * indicates p < 0.05 from 

vector control. E. qPCR analysis of p53 and p21 gene expression in HEK293 
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cells to test p53 transcriptional activity as a result of KDM5A over-expression. 

Results are mean ± std. error (n=3).   F-G. PRM-MS/MS analysis of p53 

immunoprecipitation (IP) from HEK293 cells to determine levels of p53 K370me3 

expression upon KDM5A over-expression, analyzed through mass spectrometry.  

Figure caption continued from Figure F2 (page 235). 
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Appendix G 

Nutlin 3A optimization in HCT 116 cells.  

 

 

Figure G1. Nutlin 3A dose response in HCT 116 cells. Western blot analysis 

to determine optimal concentration of Nutlin 3A to use in HCT 116 cells for p53 

stabilization and activation. 
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Appendix H 

Analysis of p53-K370me2/1 peptide interactomics 

 

Table H1. Results of p53-K370me2 peptide interactomics through p53-

K370me2 peptide pull down coupled with reductive dimethylation. MSMS 

analysis identified 3 unique protein peptides that interacted strongly with p53-

K370me2 peptide. 
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Table H2. Results of p53-K370me1 peptide interactomics through p53-

K370me1 peptide pull down coupled with reductive dimethylation. MSMS 

analysis identified 4 unique protein peptides that interacted strongly with p53-

K370me1 peptide.  
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