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ABSTRACT 

Post-translational modifications (PTMs) are an essential mechanism that increases the 

complexity of cellular processes. Protein methylation is a common PTM that can result in 

structural variation altering protein-protein/protein-DNA interactions. Several enzymes have 

been identified that have the ability to remove methyl groups from proteins. Many of these 

enzymes are histone demethylases, which are vital epigenetic modifiers. Lysine demethylases 

(KDMs) remove methyl groups from proteins, such as histones, resulting in a transition of 

chromatin accessibility for transcription factors. Jumonji C (JmjC) domain containing KDMs are 

a family of approximately 30 2-ketoglutarate (2-KG/2-OG) dependent enzymes known to 

demethylate histones within the chromatin nucleosomal core structure for the regulation of gene 

expression. Histone demethylases have tissue specific expression patterns and are active towards 

particular lysine residues, which suggest they are involved in specific cellular pathways. 

Irregular expression of KDM4s is associated with several types of cancer, but the roles of each 

KDM4 member in oncogenesis or cancer progression is convoluted. It is a difficult task to study 

an individual epigenetic enzyme and elucidate non-histone substrates due to the redundant 

cofactor utilization and their functional rapidity. To orthogonally study KDM4s, a bump-and-

hole activation and inhibition system was developed. To elucidate non-histone catalytic 
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substrates of KDM4s, a photo-crosslinkable unnatural amino acid (UAA) was incorporated in the 

catalytic domain to induce covalent binding to substrates for subsequent identification. 

Elucidating the roles of individual epigenetic modifiers will greatly impact public health because 

it will allow for improved therapeutic interventions and diagnostic biomarkers. 
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1.0  INTRODUCTION 

1.1 POST-TRANSLATION MODIFICATIONS 

Protein post-translational modifications (PTMs) refer to reversible or irreversible chemical 

alterations to proteins in the form of particular chemical groups or even larger macromolecule 

additions, such as entire proteins like ubiquitin. Over 500,000 proteins have been identified to 

be post-translationally modified, with majority of the PTMs being glycosylation, 

phosphorylation, acetylation, and methylation (1). Ultimately, the role of PTMs is to enable 

signaling and regulatory mechanisms by altering protein function. PTMs are effective by 

changing protein dynamics, structure and binding competencies, requiring PTMs to be installed 

and removed systematically for optimal cellular health. There are over 200 types of PTMs 

identified with a large portion of them catalyzed by modifying enzymes (2). Mutations to the 

site of PTM as well as disrupted modifying enzyme activity can result in a plethora of diseases. 

Lysine mutations in the androgen receptor (AR) have been implicated in Kennedy’s disease, an 

inherited neurodegenerative disorder due to a loss of acetylation. AR amino acid substitution 

K630A or both K632A and K633A result in a significant reduced rate of ligand-dependent 

nuclear translocation and disrupted proteosomal degradation due to the non-acetylated AR 

mutants misfolding and forming aggregates with several other proteins, including ubiquitin 

ligase E3 (3-6). Another example of PTM site mutation being implicated in disease involves 
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glycosylation. The etiology of autosomal dominant spongiform encephalopathy involves the 

loss of N-linked glycosylation in the prion protein (PRNP), due to the amino acid substitution 

T183A (7-10). One of the most well known PTMs is phosphorylation, which is added and 

removed by kinases and phosphatases, respectively. Protein phosphorylation predominantly 

occurs on serine residues, but is also seen on threonine and tyrosine (11). Kinases are involved 

in a plethora of cellular pathways, one of them being the cell cycle. In fact, there is an entire 

class of cyclin-dependent kinases (CDKs), which regulates cell cycle. There is abundant 

literature on CDKs having altered activity, resulting in a misregulated cell cycle leading to 

various cancers, making them great therapeutic targets (12-13). Clearly, PTMs and their related 

modifying enzymes are critical to proper cellular functioning. One area of specific interest is 

epigenetic PTMs and associated proteins. 

1.2 EPIGENETICS AND POST TRANSLATIONAL MODIFICATIONS 

The human genome contains 3 billion base pairs compacted into cells in the form of chromatin. 

Chromatin is made up of nucleosomal subunits consisting of -147 bp of negatively charged 

DNA wrapped around a positively charged histone protein octamer core (14-16). Gene 

expression patterns are dictated by the organization of chromatin, which can be highly dynamic. 

Euchromatin results in gene expression due to the accessibility of the DNA to various 

transcription factors, whereas, heterochromatin is highly compact, hindering transcription factor 

binding, resulting in gene silencing. Chemical modifications occur on both DNA and histones, 

known as epigenetic marks, to regulate transcription and are regulated by specific enzymes for 
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proper cell functioning. Epigenetics is the study of gene regulation, chromatin organization and 

phenotypic changes that do not involve changes in the DNA sequence (17-20). 

DNA gets methylated by DNA methyltransferases (DNMTs) on cytosine bases adjacent 

to guanine (CpG), becoming 5-methylcytosine (5mC) and resulting in silenced chromatin. CpG 

sequences allow for the opposing DNA strands to harbor diagonal 5mCs. DNMTs either act as 

de novo DNMTs, which bind non-methylated DNA and generate the initial methylation pattern 

or act as maintenance DNMTs, which use an existing DNA strand as a template to copy the 

methylation pattern after DNA replication occurs. Promoters and regulatory components are the 

most common regions of the genome that become methylated, and it is hypothesized that 

methylated promoters will prevent transcription factors from binding and initiating gene 

expression. In contrast, various DNA binding proteins including transcription factors bind 

unmethylated CpGs to keep regions from becoming methylated, acting as protection for 

promoters or as regulation for genome interacting loci. DNA methylation is generally a stable 

modification, but the methylation patterns change dramatically during epigenetic 

reprogramming that occurs during fertilization. Epigenetic reprogramming is critical for 

imprinting mechanisms necessary for proper human development. DNA methylation patterns 

are lost when fertilization occurs to regain the pluripotency status, but the imprinting-related 

DNA methylation is re-established in the primordial germ cell stage (21-25). 

The process of 5mC erasure involves three members of the ten-eleven translocation 

(TET) family, which are 2-ketoglutarate (2-KG), Fe(II) and oxygen dependent dioxygenases. 

These enzymes have been shown to successively oxidize 5mC to 5-hydroxymethyl cytosine 

(5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5CaC). The unmodified cytosine is 
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completely restored through base-excision repair mechanisms and potentially a decarboxylase 

that has yet to be identified (26-28).   

1.3 HISTONE POST-TRANSLATIONAL MODIFICATIONS 

Epigenetic modifications not only occur on DNA, but also on histones. The nucleosomal 

histone octamer core is composed two of each histone H2A, H2B, H3 and H4. It is important to 

note that nucleosomes are highly dynamic to allow for proper gene expression. As state earlier, 

the organization of chromatin can be dictated by DNA methylation status, but it is also highly 

dependent on what is called the ‘histone-code’. The N-terminal tails of histones extend from the 

nucleosomal core, exposing them for posttranslational modifications (PTMs). With histones 

being an integral part of chromatin, it is important to understand how they are being modified 

epigenetically and what it results in phenotypically. The most common epigenetic marks found 

on histones are acetylation and methylation on arginine and lysine residues. The addition and 

removal of these marks result in various phenotypes depending on the site of the modification 

and often coordinate with the DNA methylation status for efficient chromatin dynamics. 

Different families of chromatin modifying proteins are involved in the installation, recognition 

and removal of the epigenetic mark depending on the chemical group and the amino acid on 

which the modification resides (29-33).  

 PTMs can also be in the form of acetylation, methylation, phosphorylation, 

ubiquitination, sumoylation and proteolytic processing and vary depending on histone (H2A, 

H2B, H3, H4), cell type, developmental stage and disease. Together the PTMs make up the 
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‘histone code.’ Each PTM has an independent function, but it is important to recognize that the 

downstream effects are due to the crosstalk and combination of specific PTMs.  

Negatively charged acetyl groups are added to lysine residues on proteins, changing the 

electronic properties of the substrate and, subsequently, binding partner affinity. The 

antagonistic relationship between histone acetyltransferases (HATs) and histone deacetylases 

(HDACs) regulates this epigenetic mark. HATs catalyze the addition of acetyl groups to histone 

lysine residues, whereas, HDACs catalyze their removal.  When histones are acetylated, the 

positively charged histone tails are neutralized, decreasing the affinity for negatively charged 

DNA (34-37). There are various methylation states that histone residues exhibit: mono- (me1), 

di- (me2) and tri- (me3) and are most abundant on histone H3 and H4 lysine or arginine 

residues. Methylated lysine residues have also been observed on nucleosome linker histone H1. 

These modification states dictate which effector proteins recognize the modification and vary 

throughout development, tissue type and pathologies. Methylation modification state can 

increase (via methyltransferases activity) and decrease (via demethylase activity), providing a 

dynamic chemical process essential for various biological pathways (38-42).  

 Unlike histone acetylation, methylation does not affect the electronic properties of the 

histone. Instead, there are several effector proteins that recognize and read the methylation 

status to induce successive events, such as protein recruitment for chromatin silencing or 

activation. Because of this phenomenon, chromatin state is not dictated solely by the presence 

of a methyl group, but is dependent on the location of the methylation and the degree of 

methylation (Figure 1). Generally, H3K9 and H3K27 methylation are associated with 

transcriptional silencing, but both have been observed in some regions of transcriptionally 

active chromatin. Also, methylation of H3K4 and H3K36 are associated with transcriptional 



 6 

activation, but can be seen in chromatin regions of transcriptional silencing. The variation is 

dictated by the location of methylation mark in relation to gene elements – promoter region vs. 

gene body - and other PTMs that are present (42-60).  

 

 

 

 

 

 

 

Figure 1: Chromatin organization and PTMs. 

Post translational modifications occur on different sites within nucleosomal histone tails. Methylated 

lysine 4 of histone H3 generally results in a euchromatic chromatin state allowing for transcription to 

occur. This methyl group can be removed and different lysine residues can be methylated to result in a 

different chromatin organization. Methylated histone H3 lysine 9 results in a compact chromatin 

organization, keeping transcription from occuring. 

1.3.1 Histone Lysine Methylation dynamics 

Epigenetic modification patterns dictate differentiation and vary depending on developmental 

stage, cell type and tissue type. Several proteins are involved in the dynamic processes that 

regulate the addition and removal of the covalent epigenetic modifications and these proteins 

interact with each other to influence downstream pathways such as transcription, replication, 

and expression at the gene and protein level. Specific proteins that ‘write’, ‘read’ and ‘erase’ the 

chemical mark tightly regulate each PTM.  In relation to histone lysine methylation, the 

‘writers’ are lysine methyltransferases (KMTs) and the ‘erasers’ are lysine demethylases 
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(KDMs) (Figure 2). Lysine methyl readers can be found as domains within KMTs/KDMs or 

could be proteins without enzymatic function.  

 

Figure 2: Lysine Methylation Dynamics. 

Lysine residues of proteins get methylated and demethylated by writers (KMTs) and erasers (KDMs), respectively. 

KMTs can add 1, 2 or 3 methyl groups making the lysine mono-, di-, or tri- methylated. Similarly, KDMs can 

remove these methyl marks successively. Different KMTs and KDMs add and remove methyl groups depending on 

protein substrate, site of lysine, and degree of methylation. 

 

 More than 50% of the chromatin-modifying enzymes in humans are Protein 

methyltransferases (PMTs), which transfer methyl groups onto various protein substrates acting 

as ‘writers’. The enzymatic activity of these enzymes is dependent on the evolutionarily 

conserved catalytic SET [Su(var)3-9, Enhancer-of-zest, Trithorax] domain. There are seven 

main families of lysine methyltransferases (KMTs) including EZ, SET1, SET2, SMYD, 

SUV39, SUV4-20, RIZ.  SET domain containing enzymes aid in the generation of bivalent 

chromatin for genes to be poised for both activation and repression. Each KMT acts site 

specifically adding a specific number of methyl groups to mono-, di- or tri- methylate (61-68).  

 Methyltransferase G9a, also known as EHMT2, transfers two methyl groups from 

universal methyl donor S-adenosylmethionine (SAM) onto lysine residues through its SET (Su 

(var), enhancer of zeste, trithorax domain) domain. Specific amino acid residues within the 
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histone substrates are essential for G9a activity. For instance, H3K9 methylation by G9a is 

abolished when the neighboring arginine (H3R8) is substituted for any other amino acid. This 

shows that methyltransferases have site specificity for a specific sequence motif similar to DNA 

methyltransferases such as DNMT1 and DNMT3 (69-72).  

 The motif recognized by G9a is found in several non-histone proteins and they have 

been observed to be methylated. In fact, G9a is automethylated at its N-terminus, resembling 

tri-methylated H3K9 (H3K9me3) (73). Other non-histone protein substrates and interacting 

partners for G9a include imprinting associated proteins DNMT1, HDAC1 (Histone deacetylase 

1), and p53 (74-75).  

 The interaction of G9a with other proteins clearly demonstrates the crosstalk of 

chromatin marks. As DNA get replicated, DNMT1 is responsible for maintaining the DNA 

methylation pattern on daughter strand DNA, while G9a methylates H3K9. G9a and DNMT1 

localize and bind to the chromatin simultaneously during replication. Additionally, these 

proteins were shown to form a ternary complex with loading factor proliferating cell nuclear 

antigen (PCNA) and the knockdown of DNMT1 perturbs the complex binding and function 

resulting in insufficient replication (76). Tumor suppressor p53 has been shown to induce 

expression of the well characterized imprinted gene PEG3. PEG3 is highly expressed in the 

brain and is important for specific neuronal development in the hypothalamus14. G9a and 

Euchromatin Histone methyltransferase 1 protein (EuHMTase1, also known as G9a like protein 

- GLP) dimethylate p53 at the C-terminal lysine residue 373 resulting in an inactive p53 protein, 

reduced apoptosis and reduced Peg3 (77-78).  

 G9a targets euchromatic regions and methylates H3K9 and H3K27 resulting in gene 

silencing. G9a mediated H3K9 methylation negatively regulates H3K4 methylation supported 
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by G9a knockout (G9a-/-) resulting in a significant increase in H3K4 methylation. G9a-/- mice 

are non-viable and die at an early embryonic age of E9.5-E12.5 making it likely that G9a 

mediated methylation is an essential mechanism regulating gene expression in early 

development. G9a and GLP are frequently found as homo- or heterodimers or in transcriptional 

regulatory complexes such as E2F6, CtBP-1, and CDP/cut. The E2F6 complex is related to de 

novo CpG DNA methylation by recruiting DNMT3 to proximal promoters where the complex 

is bound. Loss of G9a or GLP mediated H3K9 methylation result in lethality potentially due to 

a gross relocalization of heterochromatin protein 1 (HP1), an important protein for position-

effect variegation and x-chromosome inactivation; significant reduction of H3K9 mono- and 

dimethylation and DNA methylation; and induction of Mage-a genes, which are clustered on the 

X-chromosome and are associated with HDAC chromatin binding and the Notch signaling 

pathway. Interestingly, point mutations in the SET domain of G9a that render the enzyme 

catalytically inactive have been expressed in G9a(-/-) embryonic stem cells (ESCs) and the 

mutant can moderately restore DNA methylation levels, but not H3K9me2 levels suggesting 

that the enzymatic activity of G9a is partially dispensable for DNA methylation. G9a also has 

an Ankyrin repeat domain (ANK) that plays a key role in recognition and adaption to 

interacting partners. Within the ANK domain, there is a hydrophobic cage that recognizes and 

strongly binds to methylated N-terminal H3K9 peptides. G9a has also been shown to recruit and 

directly interact with de novo DNA methyltransferases DNMT3a and DNMT3b via its ANK 

domain and when ANK is deleted, de novo DNA methylation is impaired, but not completely 

lost. The deletion of the ANK domain does not seem to have a dramatic effect on H3K9me3 

levels and because HP1 recognizes this histone methyl mark and can recruit DNMTs, this may 

explain why the DNA methylation is not completely missing. There seems to be two unique 
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epigenetic mechanisms G9a uses for gene repression. G9a methylates H3K9 through its SET 

domain, which will eventually lead to HP1 binding chromatin and recruiting DNMTs for CpG 

methylation and, secondly, by directly recruiting and interacting with DNMTs for de novo DNA 

methylation. Histone methylation can regulate gene expression by antagonizing the effects that 

other histone modifications (e.g. histone acetylation) have on gene expression through the 

binding of chromodomains (79-90). 

 Histone KDMs act as ‘erasers’ by removing methyl groups in a site and state specific 

manner similar to the KMTs (Table 1). Many histone demethylases harbor ‘reader’ domains, 

such as the Tudor domain, to recognize the modifications and act as effector proteins. Histone  

Table 1: Histone Lysine Writers and Erasers. 

 
Table showing different histone methylation sites and degrees and their respective writers and erasers 
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demethylation is an important biological phenomenon and will be the focus of the document 

and expanded upon in the upcoming chapters.  

1.4 LYSINE DEMETHYLASES 

Lysine methylation was originally thought to be an irreversible modification, but the discovery 

of Lysine Specific Demethylase 1 (KDM1A or LSD1) in 2004 allowed for the understanding 

that this is a regulated mark that can be added and removed. KDM1A catalyzes the removal of 

methyl groups from H3K4me1 and H3K4me2 as well as some non-histone proteins such as p53 

and DNMT1. KDM1A is a flavin-dependent amine oxidase and consists of an amine oxidase 

catalytic domain, an N-terminal SWIRM domain involved in recognition of the specific target 

and an N-terminal extension. KDM1A can be thought of as an inducer of transcriptional 

silencing because it specifically targets H3K4me1/2, which is known to be associated with 

transcriptional activation, and has been shown to be involved in protein-protein interactions 

with transcriptional repressive complexes (e.g. CoREST and HDAC1/2) (91). 

Following the discovery of KDM1A, several more lysine demethylases were identified. 

There are over 30 enzymes discovered that have the ability to remove methyl marks from lysine 

residues, but the mechanism of action is completely different compared to KDM1A and 

KDM2B. Almost all of the KDMs identified harbor a catalytic Jumonji C (JmjC) domain and 

are dependent on molecular oxygen, iron and metabolite 2-ketoglutarate (2-KG). The human 

genome encodes 32 JmjC-domain containing genes with almost all of them showing 

demethylase activity. There are various combinations of domains (e.g. PHD, Tudor, ARID, 
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JmjN) incorporated in JmjC-domain containing proteins, which define their function. The lysine 

demethylases are categorized into seven subfamilies based on structure and sequence homology 

and each of them target specific methylated lysine residues based on sequence and methylation 

state (Figure 3) (92).  

Figure 3: Lysine Demethylase Subfamilies and Substrates. 

The nodal map shows the subfamiles of demethylases with their corresponding members and substrates. The 

flavin dependent lysine demethylases are shown in the grey circle. All other lysine demethylases are 2-

ketoglutarate dependent. 
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Majority of the KDM proteins are JmjC domain containing demethylases requiring 

Fe(II), 2-KG and molecular oxygen (O2) for the catalysis of a dioxygenase reaction that results 

in demethylated lysine residues on histones. Within the catalytic domain, a His-Glu/Asp-His 

triad positions the Fe(II) allowing 2-KG and oxygen to bind forming highly reactive oxoferryl 

(IV). 2-KG is decarboxylated, releasing succinate and carbon dioxide. The methyllysine target 

is hydroxylated, resulting in an unstable intermediate (hydroxymethyl), which spontaneously 

decomposes to formaldehyde, producing the demethylated product in either the di-, mono- or 

non-methylated state. To prevent the accumulation of formaldehyde, Formate Dehydrogenase 

(FDH) utilizes NAD+ to oxidize formaldehyde and ultimately produce additional carbon 

dioxide (Figure 4) (93-94).  

  

 

 

 

 

 

 

Figure 4: JmjC Domain Containing Enzymatic Mechanism. 

1.4.1 Lysine Demethylase Family 4 

There are five functional KDM4 genes: KDM4A-E. Orthologs of KDM4A-C are seen in all 

vertebrates whereas orthologs of KDM4D are seen only in placental mammals providing 
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support that the five membered KDM4 subfamily is highly conserved. KDM4s are JmjC 

domain containing proteins with several unique features to each of the five members (93-95).  

 The domains within KDMs play essential roles for correct protein function. KDM4A-C 

contain N-terminal JmjN and JmjC domains and on the C-terminus contain a double PHD and 

double Tudor domain. KDM4D and KDM4E lack the PHD and Tudor domains (Figure 5). The 

JmjC domain is the catalytic domain and is therefore required for demethylase activity. 

Structural integrity of the protein is provided by the JmjN domain, which also interacts with the 

catalytic domain for proper substrate binding positioning. The PHD and Tudor domains are 

important for localization and protein-protein interactions by acting as reader domains and 

recognizing specific methylated lysine residues. The KDM4A Tudor domains recognize and 

bind repressive histone marks H3K4me2/me3 and H4K20me2/me3, whereas the PHD domains 

bind methylated and unmodified residues on many histone tails, providing a more flexible 

recognition pathway of histone modifications (93-95).  

 

Figure 5: KDM4 family of enzymes and linear protein domain map. 

 

 KDM4s are considered transcriptional repressors because of their target substrates. 

KDM4A-C demethylate H3K9me2/me3 and H3K36me2/me3, where KDM4D and –E 

demethylate H3K9me2/me3. Crystallography has shown differences in the surface residues of 
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the histone binding pocket between KDM4A-C and KDM4D-E. The structural variation within 

the substrate binding pocket of KDM4 members explains the electrostatic differences between 

the KDM4s causing interactions with substrates to be different. The variation of substrate-

enzyme interactions may explain the difference in activity toward H3K36. KDM4A 

demethylates trimethylated lysine residues more efficiently than dimethylated residues and has 

approximately 5-fold higher activity towards H3K9me3 than H3K36me3. X-ray crystallography 

analysis of KDM4A shows that the electrostatic environment in the methylated histone binding 

pocket does not allow productive positioning toward the iron-containing catalytic domain of 

monomethylated lysine residues. This further supports the methylation state specificity of these 

KDM4 proteins (92-95).  

1.4.1.1 Expression and Localization Patterns of KDM4s 

KDM4s have both redundant and unique expression patterns at the tissue, cellular, and genomic 

level. KDM4s predominantly localize to the nucleus to regulate chromatin dynamics, but they 

are also found in the cytosol where they regulate important cellular mechanisms such as protein 

translation, making their functions diverse and widespread. The normal expression patterns of 

the KDM4 genes suggest that the associated proteins have non-overlapping biological functions. 

KDM4A-C are ubiquitously expressed in human tissues with the highest expression being in the 

spleen, ovaries and colon. KDM4D and KDM4E are mainly expressed in the testes, but 

KDM4E expression is low relative to the other KDM4 genes. Knockout and transgenic studies 

have been performed in various biological models such as D. melanogaster, C. elegans, and 

mice to study the physiological functions KDM4s. Double homozygous mutants of 

both Drosophila KDM4 orthologs, dKDM4A and B, are not viable and die in the second larval 

stage. C. elegans contain a single KDM4 gene and depletion of this gene results in germ line 
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apoptosis and slows DNA replication. Conditional heart-specific KDM4A knockout in mice as 

well as transgenic mice have demonstrated that KDM4A promotes cardiac hypertrophy (96-

103). 

Vertebrate KDM4A–C proteins contain a conserved double tudor domain and a potential 

zinc-finger domain at the carboxy terminus, which mediate binding to specific histone 

modification states. Deletion of the C-terminal domain in KDM4 proteins result in a change of 

sub-cellular localization, changed demethylase activity and disruption of other KDM4 functions 

(104-107). KDM4A, KDM4B and KDM4C double tudor domains display different histone-

binding preferences. KDM4B has been shown to co-localize with heterochromatin mark 

H3K23me3. H3K23me3 binding by KDM4B stimulates the demethylation of H3K36 and serves 

as a link to mammalian germ cell development. The double tudor domain of KDM4C has 

shown highly specific binding to H3K4me3 and has been associated with mitotic chromatin at 

transcription start sites (108). 

1.4.1.2 Protein Complexes Containing KDM4s 

The KDM4s have also been shown to interact with a diverse array of proteins including those 

associated with transcription or DNA repair, which can direct their genomic localization or 

regulate cellular pathways outside of gene expression. Kim et al. recently showed that KDM4A 

promotes prostate tumorigenesis by interacting with transcription factor, ERG (erythroblast 

transformation-specific related gene) through the up-regulation of Yes-associated protein 1 

(YAP1) by decreased H3K9me3 at the YAP1 promoter (109).  

KDM4A has been shown to be an E2F1 coactivator and the KDM4A-E2F1 complex 

controls tumor metabolism. KDM4A and E2F1 associate together on target gene promoters and 
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enhance E2F1 chromatin binding and transcriptional activity. Pyruvate dehydrogenase kinases 

(PDKs) PDK1 and PDK3 are direct targets of KDM4A and E2F1 and control the switch 

between glycolytic metabolism and mitochondrial oxidation. Downregulation of KDM4A leads 

to elevated activity of pyruvate dehydrogenase and mitochondrial oxidation, resulting in 

excessive accumulation of reactive oxygen species providing mechanistic insights to the role of 

KDM4A in prostate cancer (110).  

KDM4s can act as both a transcriptional activator and repressor depending on 

interacting proteins. When forming complexes with androgen receptor (AR) or estrogen 

receptor (ER), KDM4A stimulates their transcriptional activity and induces the expression of 

target genes that are important for proliferation in prostate and breast cancer. KDM4A acts as a 

transcriptional repressor when binding with repressive factors such as nuclear receptor 

corepressor (N-CoR) and histone deacetylases (111-113). KDM4 catalytic activity is not always 

required for transcriptional regulation. The KDM4 family can act as signaling proteins to recruit 

various effector proteins to carry out different functions.  

Chromatin immunoprecipitation (ChIP) experiments suggest that KDM4B regulates 

mitotic clonal expansion by forming a complex with DNA binding transcription factor, 

CCAAT/enhancer-binding protein (C/EBPβ) to regulate cell cycle genes Cdc45l and Cdc25c 

(114).  Additionally, molecular chaperone heat shock protein 90 (Hsp90) interacts with KDM4B 

as for protein stabilization. KDM4B is ubiquitinated on lysines 337 and 562 for proteasomal 

degradation when Hsp90 is inhibited, which alters histone methylation patterns and provides 

evidence for a regulatory pathway that could be targeted therapeutically (115).  

Self-renewal and pluripotency of embryonic stem cells (ESCs) are mechanisms 

regulated at several levels including histone modification regulation. A functional RNAi screen 
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for histone demethylases identified five potential demethylases essential for mouse ESC 

identity. KDM4B and KDM4C are necessary for self-renewal of ESCs and induced pluripotent 

stem cell generation. Genome-wide occupancy studies reveal target sites unique to KDM4B and 

KDM4C as well as common to both KDM4B and KDM4C belong to functionally separable 

Core, Polycomb repressive complex (PRC), and Myc regulatory modules, respectively. 

KDM4B and Nanog act through an interconnected regulatory loop, whereas KDM4C interacts 

with PRC2 to result in transcriptional repression. The Polycomb repressive complex 2 (PRC2) 

catalyzes di-methylation and tri-methylation of lysine 27 of histone H3 and plays an essential 

role in the maintenance of repressive chromatin states. The core components of the PRC2 

complex are the H3K27 methyltransferase EZH2, SUZ12, EED and RBAP46/48. Other 

accessory proteins of PRC2 include PHF1, JARID2 and AEBP2. This demonstrates that 

members of the KDM4 subclass exhibit distinct and combinatorial functions as well as 

highlights the mechanisms of functional crosstalk between the different enzymes and reader 

domains (116-117).  

KDM4A-C have also been shown to have non-histone substrates. Ponnaluri, et al. 

demonstrated KDM4A-C catalytic activity towards methylated non-histone peptides from WIZ, 

CDYL1, CSB and G9A42, which suggests remarkable flexibility in substrate recognition (118). 

Homo- and hetero-dimers of the KDM4 protein members can form resulting in another 

regulatory mechanism. KDM4A-C can become incorporated into multiprotein complexes with 

the SWI/SNF chromatin-remodeling complex and can interact with inhibitory complexes such 

as histone deacetylase complexes (HDACs). The formation of dimers and incorporation into 

functionally diverse multiprotein complexes supports that KDM4 proteins have a significant 

role in directing gene expression in development, homeostasis and pathology (119-124). 
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1.4.1.3 KDM4 Inhibition  

Many histone demethylase inhibitors have been designed and are classified into five groups: 2-

ketoglutarate analogs, iron chelators, zinc chelators, catalytic domain inhibitors, and prodrugs. 

Synthetic N-oxalylglycine (NOG) is an amide analog of 2-KG making it a competitive inhibitor 

of the 2-KG dependent oxygenases. NOG has been identified as a natural product in rhubarb 

and spinach, but is not present in human HEK293T cells (125). Because NOG is a 2-KG 

competitive inhibitor, it is not selective for particular families of oxygenases. Several groups 

have developed NOG derivatives to increase the selectivity of NOG towards KDMs. Hamada 

et. al developed four NOG derivatives providing increased selectivity towards KDM4s. 

Dimethylester derivatives of the NOG analogues increased cellular permeability and 

demethylase inhibition in cellular assays observed by the accumulation of H3K9me3 (126). 

This work supports that 2-KG competitive inhibitors can be altered to specifically inhibit 

protein families and suggests that upon increased engineering, specifically inhibit individual 

proteins.  

Natural metabolites induce specific cellular responses and can act as KDM inhibitors. 

Another 2-KG competitive inhibitor is 2-hydroxyglutarate (2-HG), which is an oncometabolite. 

Isocitrate dehydrogenase 1 and 2 (IDH1/2) are NADP+-dependent enzymes that catalyze 

oxidative decarboxylation of isocitrate to 2-KG. Somatic mutations in IDH1/2 (R132H) have 

been identified in several cancers, which result in a gain-of-function allowing for the conversion 

of 2-KG to D-2-HG. The accumulation of D-2-HG becomes so overwhelming in the cell where 

the capacity of D-2-HG dehydrogenase is flooded and the enzyme cannot effectively perform to 

minimize 2-HG to safe levels (127-129). Hypoxia can induce the production of L-2-HG in an 

IDH1/2 independent fashion. Instead, hypoxia induces promiscuous substrate usage by lactate 
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dehydrogenase A (LDHA) and LDHA-mediated 2-KG reduction (130). Both mechanisms to 

increase 2-HG levels in the cell result in reduced 2-KG levels and 2-KG utilization inhibition 

causing disrupted chromatin organization. 

One of the most potent broad range 2-KG dependent oxygenase inhibitors identified is 

known as 5-carboxy-8-hydroxyquinoline (IOX1). Cellular assays show that IOX1 is active 

against cytosolic and nuclear 2-KG oxygenases without esterification. IOX1 can translocate the 

active site Fe(II), which is a rare induced metal movement, to disrupt 2-KG and substrate 

binding (131). IOX1 is highly potent towards KDM4 proteins in vitro, but the potency is 100-

fold lower in cellular assays, likely due to the poor cellular permeability characteristics. Schiller 

et al developed n-octyl ester derivative of IOX1 making it more hydrophobic and increase the 

cellular permeability. With this modification, the cellular EC50 value improved from 100 μM to 

4 μM (132). The reported therapeutic inhibitors lack selectivity and specificity towards histone 

demethylases, which becomes problematic regarding nondesirable targets. Therapeutic 

inhibitors for histone demethylases remain in the preclinical phase for various types of cancer to 

be included in therapeutic cocktails. 

1.5 KDMS AND PUBLIC HEALTH 

Gene and protein expression dictate cellular phenotype and cellular health. Chromatin dynamics 

and post-translational modifications are critical complex mechanisms responsible for the 

expression of genes and specific protein functions. KDMs are post-translational modifying 

enzymes involved in several cellular processes including chromatin dynamics, protein 

translation and protein-protein interactions. KDMs are critical for ideal cellular health and 
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human development and have been implicated in diverse pathological phenotypes. KDM4s have 

been associated with mental, cardiac, neurological, and viral disorders as well as with several 

cancers. 

1.5.1 KDM4s and Cancer 

The overexpression or underexpression on the gene and protein level of the KDM4 subfamily 

has been observed in several pathological phenotypes. There is extensive literature on KDM4 

involvement in cancer development and progression. KDM4A overexpression and amplification 

is seen in several cancers such as ovarian, breast, squamous cell carcinomas, prostate, lung and 

colon cancer (133-139). KDM4A overexpression triggers localized chromosomal instability, 

specifically 1q12, 1q21 and Xq13.1 copy gains, which are rich with oncogenes. These localized 

copy gains can occur due to reduced HP1γ binding to chromatin and an extended S phase. When 

HP1γ cannot bind to chromatin, it results in an open, accessible chromatin state allowing for the 

re-replication of oncogenic regions. HP1γ bound to chromatin hinders KDM4A from being able 

to modify histones. The antagonistic behavior between KDM4A and HP1γ may contribute to 

the explanation as to how KDM4A encourages DNA replication (100, 105).  

Overexpression of KDM4 proteins also disrupts the DNA mismatch repair (MMR) 

pathway resulting in poor chromatin integrity. Mismatch recognition proteins bind H3K36me3 

to ensure proper DNA MMR occurs. When KDM4C is overexpressed, H3K36me3 is less 

abundant hindering mismatch recognition proteins from binding appropriate regions. The 

dysregulated pathway allows for mutations to go overlooked and promote genomic instability. 

Proper DNA MMR can be restored through the downregulation of KDM4C. Because KDM4A 
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and KDM4B demethylate H3K36me3, similar results are expected with the overexpression of 

these proteins (133, 140-142).  

KDM4A overexpression can also allow cells to evade apoptosis or decreases apoptosis 

all together by extending the G2/M phase. The activating protein 1(AP1) transcription factor is 

a heterodimer of the JUN and FOS proteins, which controls apoptosis, cell proliferation and 

differentiation. AP1 is induced by a positive feedback loop where KDM4A is a priming factor. 

KDM4A can indirectly induce the expression of AP1 genes because histone demethylation 

facilitates AP1 binding to JUN and FOSL1 promoters, which stimulates the feedback loop. The 

overexpression of KDM4A can result in the overexpression of AP1 genes, which will promote 

cell growth and metastasis (134). 

KDM4A can repress the expression of tumor suppressors, such as CHD5, by impeding 

senescence. KDM4A can directly bind with tumor suppressors (e.g. p53) rendering them 

inactive and can form complexes with the androgen and estrogen receptors making them more 

sensitive resulting in the overexpression of oncogenes. ER-positive breast cancer cells with 

depleted KDM4A showed decreased expression of oncogenes c-Jun and cyclin D1. Proliferation 

inhibition of ER-negative and ER-positive breast cancer cells was observed with KDM4A 

knockdown. These results show that KDM4A is necessary for ER-positive and –negative breast 

cancer and supports the idea that there are multiple pathways that KDM4A is involved in, which 

can influence breast cancer development and/or progression. Contrasting with the results for 

breast cancer, the overexpression of KDM4A in HeLa cervical carcinoma did not result in 

tumor growth. With opposing results for the overexpression of KDM4A in different cancer cell 

lines, general conclusions cannot be made based on the expression of this protein, but rather it is 

cancer and tissue specific (135, 143). 
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KDM4B plays a significant role in nuclear receptor responsiveness in breast and prostate 

cancer. KDM4B is highly expressed in estrogen receptor (ER)-positive breast cancer subtypes, 

can bind to the ER, act on the repressive mark of H3K9me3, and recruit chromatin remodeling 

complexes. The activity of KDM4B when bound with the ER can induce oncogenic expression 

(e.g. MYB and MYC) resulting in proliferation. KDM4B expression level is positively 

correlated with prostate cancer severity, potentially due to it interactions with the androgen 

receptor (AR). AR transcription is upregulated and the AR is stabilized when cooperating with 

KDM4B via degradation inhibition. KDM4B is involved in metastasis and hypoxia and can 

promote cell survival (144-147). 

The overexpression of KDM4C has been observed in breast and prostate cancer, 

esophageal squamous cell carcinoma, metastatic lung sarcomatoid carcinoma, non-solid tumors 

and medulloblastoma. KDM4C can promote tumorigenesis by activating oncogenes (e.g. 

MDM2), binding the AR nuclear receptor and establishing stem cell-like phenotypic 

characteristics. Overexpression of KDM4C resulted in hypomethylation of H3K9 and 

knockdown studies in breast cancer cells results in the inhibition of proliferation and metastasis 

(148-152). 

Cancer cells are known to have an uncanny ability to evade apoptosis. Tumor Necrosis 

Factor Related Apoptosis Inducing Ligand (TRAIL) binds to cell surface receptors (DR4/DR5) 

to induce the caspase cascade that ultimately triggers apoptosis. Decoy receptors (DcRT) are 

also present on the cell surface as an internal regulatory mechanism to avoid excessive 

apoptosis. TRAIL expression is decreased in several cancer types including acute myeloid 

leukemia and prostate cancer. Targeting TRAIL as a cancer therapeutic strategy is not a new 

concept, but there are major limitations with this path such as compound stability, small 
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molecule specificity and toxicity. When AML cells were treated with DNA methyltransferase 

(DNMT) inhibitors and Histone Deacetylase (HDAC) inhibitors, TRAIL expression increases 

leading to increased apoptosis. Additionally, histone demethylases (KDM4A/B) are upregulated 

in several cancers including prostate cancer. Targeting KDM4A/B in prostate cancer cells 

results in an inhibition of proliferation. Because TRAIL seems to be regulated epigenetically, 

groups have investigated if and how KDM4s regulate TRAIL induced apoptosis. Previously, a 

KDM4A/B inhibitor termed C-4 was developed. TRAIL and DR5 mRNA and protein levels 

increase in a C-4 concentration dependent manner in prostate cancer cell lines, whereas C-4 has 

no effect on the levels of the monitored genes/proteins in normal cells. Additionally, IP 

experiments showed that C-4 increases cell surface DR5 abundance. Silencing KDM4A in 

prostate cancer cells shows a significant increase in TRAIL and DR5 mRNA and protein 

expression, whereas, silencing KDM4B does not result in an increase in these apoptosis related 

factors. Both knockdown and inhibition of KDM4A result in induced caspase-8 activation and 

apoptosis in cancer cells with no effect on normal cells. Apoptosis and caspase cleavage is only 

observed when both TRAIL and KDM4A/B inhibitor was applied in prostate cancer cells. 

Apoptosis, TRAIL expression, and de-phosphorylation of apoptosis related proteins 

dramatically increases when both TRAIL is expression is induced with ONC201 compound and 

KDM4A/B are inhibited with C-4. ChIP experiments show that KDM4A binds to the TRAIL 

and CHOP promoter. CHOP transcriptionally upregulates DR5. Inhibiting KDM4A (siRNA or 

C-4) in cancer cells results in significantly higher CHOP mRNA and protein levels. KDM4A 

inhibition by C-4 also results in an increase in histone epigenetic modifications in the promoter 

regions of TRAIL and CHOP. This shows that KDM4A is a key epigenetic silencer of TRAIL 
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in cancer cells, KDM4A regulates DR5 via CHOP epigenetic modifications and targeting 

KDM4A increases tumor sensitivity to TRAIL-initiated apoptosis therapies (153-155). 

It has become clear that the KDM4 subfamily members play various and diverse roles in 

cancer development and progression making them potential therapeutic targets or biomarkers. 

When considering the therapeutic strategies involving KDM4s, it is important to keep in mind 

that the activity and interacting proteins are context dependent and vary depending on cancer 

type.  

1.6 BUMP HOLE APPROACH 

Approximately 20,000 protein-coding genes give rise to massive diversity among proteins, 

which are responsible for the complex biochemical processes that occur within the human body. 

Many of these proteins share similar structures and domains allowing them to use the same 

cofactor while having a different function. This idea is true for the proteins that require 2-

ketoglutarate as a cofactor. Families of proteins often contain the same domains, which allow 

the human body to be more efficient, but make studying the function, localization and cellular 

pathway roles of a specific protein increasingly difficult. Various techniques and approaches 

have been applied to understand the role of specific proteins such as introducing single 

nucleotide mutations (for gain- or loss-of function) and knockout/knockdown and observing the 

phenotypic effects. It is known that many protein-protein complexes form to carry out many 

processes, there are compensatory mechanisms in place for adaptability and biological 

processes often occur on the millisecond to minute time scale (e.g. PTMs). With these 

characteristics and biological mechanisms in place, it is challenging to determine if the 
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phenotypic effects are due to the under- or overexpression of the targeted protein or if there is 

involvement from other proteins  not being controlled for. Therefore, it is necessary to use 

approaches that can increase specificity and have the ability of temporal control. 

Classical approaches in pharmacology involve optimization of small molecule 

derivatives to explore the functions of specific protein targets. Recently, an allele-specific 

chemical genetics (ASCG) approach has been developed and tested by several groups. This 

approach involves engineering both the protein of interest and the small molecule to be 

structurally complementary using recombinant DNA technology and organic synthesis. Site-

directed mutagenesis is performed on the protein rendering it activated or inhibited by the 

synthetically modified ligand. The affinity for each other would essentially make the optimized 

system orthogonal and completely independent of the native pathway (156-161).  

The druggability of proteins, increase in enzyme structural knowledge and accessibility 

to cofactor activators and inhibitors make the bump-hole approach increasingly more applicable 

and feasible for a diverse array of protein families. A bulky group is introduced onto the ligand 

(Bump) and is accommodated by the space (Hole) created through site directed mutagenesis on 

the enzyme. The native enzyme due to steric hindrance will not accept the bulky ligand and the 

engineered enzyme will not accept the native ligand because of lack of shape/ size 

complementarity. This creates an allele specific activator or inhibitor for the modified enzyme 

that can be used to monitor isoforms within the same family in a completely independent 

fashion. 

This approach has been demonstrated on several PTM related protein families such as 

kinases, acetyltransferases, and methyltransferases. There are approximately 520 human protein 

kinases and ~20,000 phosphorylation sites resulting in a complex interacting network. De-
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convoluting the biological functions of these proteins involves identifying substrates for specific 

kinases. Analog-sensitive alleles have been developed for >80 kinases.  Shokat and colleagues 

developed [γ -32 P]-labeled orthogonal ATP analogues containing sterically bulky groups ATP 

(162).  These ATP analogues were utilized by mutant kinase alleles as alternative cofactors to 

label their substrates with [32 P]-phosphate. Only the mutant allele was active on these bulky 

ATP analogues and not the wild type, allowing orthogonal identification of substrates for only 

the engineered kinase. This strategy resulted in novel candidate substrates of v-Src such as 

coflin, Dok-1, and calumenin to be identified. Additionally, this approach led to greater than 

200 substrates identified for the cell-cycle regulator CDK1 in budding yeast and with further 

engineering, the Shokat group developed another set of ATP analogues resulting in the 

identification of >70 substrates for CDK1 (163-164). 

Mutant alleles carrying unnatural amino acids (UAAs) with biologically orthogonal 

chemical properties are powerful systems for function elucidation.  Complementary chemical or 

physical stimuli can be applied to reveal the roles of proteins bearing UAAs in complex in vivo  

environments. Using nonsense suppressor mutagenesis, the Schultz group successfully 

incorporated UAAs embellished with distinct reactivity into mutant alleles in a site-specific 

manner. A highly evolved orthogonal pair of tRNA and its cognate synthetase accomplished 

such allele-specific incorporation of UAAs into proteins. Remarkably, steric complementarity 

was employed to expand the hydrophobic pocket of the synthetase to accommodate the “ bump”  

in UAAs. Introduction of space in the active site also made the engineered synthetase 

orthogonal to the canonical amino acids. This powerful allele-specific chemical genetic 

approach has thus far been employed to incorporate more than 70 UAAs in a wide range of 

proteins having regulatory, structural, and/or enzymatic roles. Incorporation of photoactivable 
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UAAs into proteins, for example, allowed rapid activation of an allele in high spatiotemporal 

resolution using light to study its role in fast dynamic biological events or to identify and 

characterize transient protein− protein interactions (165-166). 

1.7 PHOTO-CROSSLINKING APPROACH 

There are 20 natural amino acid building blocks that the genetic code utilizes for the generation 

of proteins in all organisms. The functional groups of the natural amino acids include carboxylic 

acids and amides, a thiol and thiol ether, alcohols, basic amines, and alkyl and aryl groups. Post-

translational modifications occur on these building blocks to define structure and function of 

proteins allowing for an enormous amount of functional outcomes to occur. Because of the 

chemical nature of functional manipulation of proteins, synthetic chemists and biologists have 

been able to expand the genetic code of several organisms to allow for the incorporation of 

unnatural amino acids into proteins.  

Protein expression requires two major steps: transcription of DNA to mRNA and 

translation of mRNA to protein. The mature mRNA harbors triplet base pairs, codons, that 

correspond to one of the 20 amino acid building blocks or acts as a stop codon where the protein 

translation is complete. Translation occurs in the cytoplasm with ribosomes, which are 

composed of two subunits: large 50S and the small 30S each containing translation related RNA 

molecules. Transfer RNA (tRNA) is an adaptor molecule that recognizes both the codon via 

complementary base-pairing using an anti-codon and the corresponding amino acid. The 

association of specific tRNAs and amino acids occurs through aminoacyl tRNA synthetases, 

which places the correct amino acid on tRNAs by an esterification process. Translation occurs 
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via three main steps including initiation, elongation and termination. Initiation occurs when the 

mRNA is bound by a complex of initiation factors and then by the ribosome and necessary 

RNAs. Elongation refers to the amino acid chain becoming longer through the ribosome moving 

along the mRNA in the 5’-3’ direction using elongation factors and corresponding tRNAs 

associating with the complex. Termination occurs when one of three codons, UAA, UAG, or 

UGA, is reached by the ribosome. There are not tRNAs that recognize the termination codons. 

Instead, release factors bind facilitating the release of the mRNA and dissociation of the 

ribosome. The amino acid chain generated undergoes folding by chaperone proteins and may 

get post-translationally modified for proper protein functioning.  

There are three key features for successful unnatural amino acid incorporation including:  

1. UAA incorporation should be site specific 

2. tRNA-UAA association should be orthogonal 

3. tRNA-UAA binding should out-compete release factors 

To incorporate unnatural amino acids, the genetic code must be expanded to utilize codons that 

are not naturally recognized by tRNAs. To generate this system, several groups have evolved 

tRNAs and tRNA synthetases from various organisms to orthogonally generate tRNA-UAA 

complexes with anti-codons to infrequent termination codons. A plethora of unnatural amino 

acids have been introduced into proteins through the engineering of tRNA-tRNA synthetase 

pairs and the utilization of underutilized codons. One of the most infrequently used codons is 

the termination codon UAG, also known as the amber suppressor codon. Unnatural amino acids 

can be selectively incorporated at UAG sites using tRNAs that have the correct anti-codon and 

tRNA synthetases that can bind the unnatural amino acid and catalyze the attachment to the 

proper tRNA. For instance, para-azidophenylalanine (pAzF) can be recognized by archaea 
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evolved tRNA-tRNA synthetase (pEVOL-AzF) and site specifically incorporated at amber 

codons. UAA incorporation has been utilized for higher resolution interactome mapping, 

localization patterns and optical control for pathway activation (165-170).  

Current methods for determining localization patterns and potential substrates for KDMs 

involve nonspecific crosslinking. For instance ChIP uses formaldehyde to crosslink amide 

bonds, which is strictly proximity based. The crosslinking can occur within any region of the 

protein, is not temporally controllable and is nonspecific. The incorporation of a photo-induced 

crosslinking unnatural amino acid allows for crosslinking to occur within specific protein 

domains (i.e. catalytic domain vs. reader domain) using site directed mutagenesis, temporal 

control through dictating when the protein is exposed to the activating light, and is highly 

specific through the orthogonal engineering.  

1.8 OBJECTIVES 

The main objective of this work is to develop three biochemical systems for KDM4 proteins 

that are orthogonal, can be applied in mammalian cells and provide a template to develop 

similar systems for other KDMs. The development of these systems will allow for the 

elucidation of genes and proteins regulated by individual KDMs and is necessary due to the 

limitations of current technologies used to study this family of enzymes. The combination of 

small molecules and genetic techniques results in a chemical biology tool that is both highly 

specific and rapidly employable, which addresses the issues of compensatory mechanisms, off 

target effects and low resolution of current methods such as knock-out studies, non-specific 

small molecules and chromatin immunoprecipitation. The goal is to develop three tools that can 
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eventually be employed in live models (i.e. mammalian cells, zebrafish, mice) to elucidate 

genes and proteins that are regulated by the catalytic activity of individual KDMs to better 

understand their roles in different contexts (healthy vs. diseased). This will expand the 

knowledge of KDMs functions in various cellular pathways, which will contribute to the 

development of improved therapeutic strategies and interventions and potentially unmask 

diagnostic and prognostic biomarkers. This work is being performed in the hopes that the tools 

developed can serve as a basic framework to generate similar systems for other 2-KG dependent 

enzymes.  

1.8.1 Aim 1 – Develop an Orthogonal KDM4 Bump-Hole Activation System 

The system will involve engineering the catalytic domain of KDM4A and the fourth carbon of 

cofactor, 2-KG, which will act independently of and not influence the native KDM4A-2-KG 

pair. Additionally, the engineered pair should be chromatin site and state specific, similar to the 

native pair. This engineered system should be able to mimic the native KDM4A system and will 

ideally be applicable to other KDM4 members and potentially other JmjC domain containing 

KDMs (Figure 6).  

The KDM4A JmjC domain has been mutated to expand the 2-KG binding site for the 

accommodation of bulky 2-KG analogues. The mutant enzyme and a select few 2-KG 

analogues have been screened for enzymatic activity in the presence of trimethylated histone 

H3K9 peptides. An in vitro engineered KDM4A-2-KG has been identified, but should be 

improved for higher orthogonality, proof of concept in live mammalian cells and generality to 

other JmjC domain containing enzymes. The objectives of this aim are as follows:  
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1. Screen and biochemically characterize additional 2-KG analogues for H3K9 

demethylase activity by KDM4 mutants. 

2. Test the engineered KDM4-2-KG pairs in physiologically relevant environments 

including mammalian cell lysates and live cells. 

3. Apply this bump-hole activation approach to other JmjC domain containing 

KDMs. 

This will allow for the engineered KDM4-2-KG pair to be employed in live cells as a 

gain of function approach to elucidate genes that are regulated by the catalytic activity of 

individual KDM4s in various contexts. 

 

 

 

 

 

 

 

 

 

Figure 6: Bump Hole activation concept 

The KDM of interest is site specifically mutated to generate a ‘hole’ which will 1) generate low affinity 

binding to the native cofactor (2-OG/2-KG) and 2) accommodate a bulky (bump) cofactor and bind at a 

higher affinity. The native KDM, as well as other 2-OG dependent enzymes, will not have the structural 

capacity to bind the ‘bumped’ cofactor making the system orthogonal. Applying this system to KDMs will 

result in orthogonal and controllable histone demethylation. 
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1.8.2 Aim 2 – Develop an Orthogonal KDM4 Bump-Hole Inhibition System 

This system will involve screening active KDM4 mutants for inhibition by 2-KG competitive 

inhibitor analogues such as 2-HG and NOG. Similar to the activation system, the inhibitors will 

be modified into bulky derivatives that will orthogonally inhibit KDM4 demethylation (Figure 

7). Ideally, the system generated for KDM4 will be generalizable to additional KDMs. To 

accomplish this aim, the following objectives include:  

1. Screen and biochemically characterize 2-HG analogues for KDM 

demethylase inhibition. 

2. Test the engineered KDM4-2-HG pairs in physiologically relevant 

environments including mammalian cell lysates. 

3. Screen and biochemically characterize potent 2-KG competitive 

inhibitor, NOG, analogues for KDM4A demethylase inhibition.  

Following the completion of the aims listed above, the orthogonal pairs identified need 

to be functionally validated in live cells. This will allow for the engineered KDM4-inhibitor pair 

to be employed in live cells as a loss of function approach to elucidate genes that are regulated 

by the catalytic activity of individual KDM4s in various contexts.  
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Figure 7: Bump Hole inhibition concept. 

The KDM of interest is site specifically mutated to generate a ‘hole’ which will 1) generate low affinity binding to 

the native inhibitor (2-HG or NOG) and 2) accommodate a bulky (bump) inhibitor and bind at a higher affinity. 

The native KDM, as well as other 2-OG dependent enzymes, will not have the structural capacity to bind the 

‘bumped’ inhibitor making the system orthogonal. Applying this system to KDMs will result in orthogonal and 

controllable inhibition of histone demethylation. 

 

1.8.3 Aim 3 – Develop Photo-induced Crosslinkable KDM4  

The catalytic domain of KDM4s were analyzed to target residues for the substitution with a 

photo-crosslinkable UAA. Successful site-specific incorporation and photo-induction of the 

UAA will allow for the capture of catalytic substrates of KDM4s. This system allows for high 

specificity and temporal control for the identification of member specific substrates. The 

development of this system for each KDM4 member will allow for the identification of non-

histone protein substrates as well as the identification of genomic localization with the 
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resolution of where each KDM4 is catalytically active (Figure 8). The following objectives are 

necessary to be accomplished for the development of this system:  

1. Generate and biochemically characterize photo-crosslinkable 

KDM4A-UAA mutants. 

2. Generalize the approach in other KDM4 members. 

3. Test the KDM4-UAA mutants in mammalian cell environments. 

 

 

Figure 8: Photo-induced Crosslinking Concept 

The KDM of interest is site specifically mutated to incorporate  a photo-inducible UAA. Upon exposure to UV 

light, the UAA will be activated and crosslinking will be induced. Crosslinking will take place between the KDM4 

and the substate bound within close proximity to the UAA. KDM4 crosslinked to nucleosomal histones can be 

captured to isolate the surrounding nucleosomal DNA to determine catalytic genomic localization. Additionally, 

non-histone proteins that crosslink to the KDM4-UAA can be determined via proteomics analysis. Together these 

data will unmask the catalytic role of KDM4s in various cellular pathways. 
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The development of a photo-crosslinkable KDM4 will allow for KDM4 non-histone 

protein substrates to be identified. Following the identification of these substrates, pathway 

analysis should be conducted to determine how the demethylation of specific proteins effects 

different cellular mechanisms. Additionally, through next generation sequencing (NGS) 

technologies, genomic loci where histones are directly demethylated by KDM4s will be 

unmasked. The demethylation at these sites may result in transcriptional changes that can be 

monitored by (quantitative polymerase chain reaction) qPCR. This work will result in genes and 

proteins that can be monitored using the systems developed in aim 1 and aim 2 of this 

document. For instance, if the quantitative proteomics data shows that the engineered KDM4A 

crosslinks to a transcription factor, pathway analysis can be performed to determine which 

genes are regulated by the transcription factor identified. These genes can then be monitored by 

qPCR following the employment of the engineered KDM4A-2-KG or KDM4A-inhibitor. All of 

the tools developed through this work will be complementary to each other and will aid in the 

improvement, validation and progression of these systems. 

Future investigations using these tools will allow for the catalytic functions of individual 

KDM4s to be elucidated in different contexts. The functions of each KDM can then be 

compared to further understand functional redundancies and uniqueness. Additionally, the 

behavior and roles of an individual KDM can be compared in different contexts. For instance, 

the systems developed for KDM4A can be applied to healthy cells, cancer cells, and 

neuropathic cells. The results for each model can then be compared to identify how the role of 

KDM4 changes in each phenotype. Theoretically, this can be performed for each KDM to allow 

for the comparison of functions across enzyme and phenotype to better understand the complex 
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network of this epigenetic family for the development of therapeutic strategies and 

identification of biomarkers. 
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2.0  MATERIALS AND METHODS 

2.1 PLASMIDS, MUTAGENIC PRIMERS, CELL LINES AND ANTIBODIES 

All the plasmids are for bacterial expression and obtained as gifts from individual laboratories 

or purchased from Addgene. Mutagenic primers were obtained from Integrated DNA 

Technologies (Table 7). Human embryonic kidney 293T (HEK293T) cells were obtained from 

the American Type Culture Collection (ATCC) and used in the current study following 

manufacturer’s protocol. All the antibodies (Table 2) used in the current study are purchased 

from established vendors and used following manufacturer’s protocol. 

Table 2: Antibody Information 

Antibody Catalog Number Vendor
Histidine Tag sc-8036 Santa Cruz Biotech
Histone H3 701517 Thermo Scientific
Histone H3K27me3 GTX50901 GeneTex
Histone H3K27me3 61017 Active Motif
Histone H3K36me2 61019 Active Motif
Histone H3K36me3 61021 Active Motif
HIstone H3K4me3 61379 Active Motif
Histone H3K9me1 39681 Active Motif
Histone H3K9me2 39683 Active Motif
Histone H3K9me3 61013 Active Motif
Histone H4 61521 Active Motif
JMJD2A/KDM4A 39815 Active Motif
JMJD2B/KDM4B PA5-24611 Thermo Scientific
JMJD2C/KDM4C NB110-38884 Novus bio
JMJD2D/KDM4D PA5-41590 Thermo Scientific
Strep-tag 2-1509-001 IBA
Goat Anti-Rabbit IgG-HRP 5/1/4030 Southern Biotech
HRP Goat anti-Mouse IgG 15014 Active Motif
Rabbit anti-sheep IgG-HRP 5/1/6150 Southern Biotech
Donkey anti-goat IgG-HRP NBP1-74815 Novus bio
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2.2 SYNTHESIS AND PURIFICATION OF PEPTIDES 

All the peptides were synthesized by the University of Pittsburgh Peptide Synthesis Facility 

(Table 3). Analytical-scale separation was performed using ZORBAX reversed-phase C18 

(5μm, 4.6 × 250 mm) column with UV detection at 280 nm. The column was equilibrated with 

0.1% aqueous trifluoroacetic acid solution prior to each injection. Analytical separation was 

performed with a linear gradient of acetonitrile to 10% in 15 min and then to 70% in 5 min in 

0.1% aqueous trifluoroacetic acid with a flow rate of 1 mL/min. The crude peptides were 

purified using preparative reversed-phase HPLC (XBridge C18, 5 μm, 10 x 250 mm column) 

eluting with a flow rate of 5 mL/min and a gradient of acetonitrile starting from 0% to 90% in 

15 min and then to 100% in 18 min in aqueous trifluoroacetic acid (0.01%). The purified 

peptides were first concentrated by SpeedVac concentrator followed by lyophilization. The 

dried peptides were resuspended in water containing 0.01% TFA and stored at -80 before use. 

Concentrations of the peptides were determined based on the observation that 1 mg/ml peptide 

generates an absorbance value (A205) of 30 at 205 nm. The integrity of the purified peptide was 

confirmed by MALDI mass spectrometry. 

Table 3: Histone H3 Peptides. 
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2.3 BACTERIAL EXPRESSION AND PURIFICATION OF PROTEINS 

2.3.1 Lysine Demethylase Family 4 (KDM4) 

The N-terminal 6xHis-tagged human KDM4A-jmjC domain (catalytic domain of KDM4A) 

bacterial expression construct pNIC28-Bsa4 (Addgene ID: 38846) was obtained from Addgene. 

The wild type KDM4A plasmid was transformed into E. Coli BL21 (DE3) competent cells 

(Invitrogen) using pNIC28-Bsa4 kanamycin-resistant vector. A single colony was picked up and 

grown overnight at 37 in 10 mL of Luria-Bertani (LB) broth in the presence of 50 μg/mL 

kanamycin and 35 μg/mL chloramphenicol. The culture was diluted 100-fold and allowed to 

grow at 37 °C  to an optical density (OD600) of 0.8, and protein expression was induced 

overnight at 17 °C with 0.6 mM IPTG in an Innova 44® Incubator shaker (New Brunswick 

Scientific). Proteins were purified as follows: harvested cells were resuspended in 15 mL lysis 

buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, 10% glycerol, 25 

mM imidazole, Lysozyme, DNase, and Roche protease inhibitor cocktail). The cells were lysed 

by pulsed sonication (Qsonica-Q700), and centrifuged at 13000 rpm for 40 min at 4 °C. The 

soluble extracts were subject to Ni-NTA agarose resin (Thermo) according to manufacturer’s 

instructions. After passing 20 volumes of washing buffer (50 mM Tris-HCl pH 8.0, 200 mM 

NaCl, 5 mM β-mercaptoethanol, 10% glycerol, and 25 mM imidazole), proteins were eluted 

with a buffer containing 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, 

10% glycerol, and 400 mM imidazole. Proteins were further purified by size exclusion 

chromatography (Superdex-200) using AKTA pure FPLC system (GE healthcare) with buffer 

containing 50 mM Tris-HCl pH 8.0, 200 mM NaCl, and 10% glycerol. Purified proteins were 

concentrated using Amicon Ultra-10k centrifugal filter device (Merck Millipore Ltd.). The 
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protein concentration was determined using Bradford assay kit (BioRad Laboratories) with BSA 

as a standard. The concentrated proteins were stored at -80°C before use. KDM4A variants were 

generated using the QuikChange Lightning site-directed mutagenesis kit (Agilent 

Technologies). The resulting mutant plasmids were confirmed by DNA sequencing. KDM4A 

variants were expressed and purified as stated for KDM4A-WT. 

The N-terminal strep-tagged human KDM4A, KDM4B and KDM4D JmjC catalytic 

domain for bacterial expression were kindly provided by Prof. Raymond Trievel, University of 

Michigan.The native constructs were transformed into E. coli Rosetta [DE3] competent cells. A 

single colony was picked up and grown overnight at 37 °C in 10 mL of Luria-Bertani (LB) 

broth in the presence of 100 μg/mL ampicillin and 35 μg/mL chloramphenicol. The culture was 

diluted 100- fold and allowed to grow at 37 °C to an optical density (OD600) of 0.8, and protein 

expression was induced overnight at 18 °C with 1 mM IPTG in an Innova 44® Incubator shaker 

(New Brunswick Scientific). Proteins were purified as follows: harvested cells were 

resuspended in 15 mL lysis buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM β-

mercaptoethanol, 10% glycerol, Lysozyme, DNase, and Roche protease inhibitor cocktail). The 

cells were lysed by pulsed sonication (Qsonica-Q700), and centrifuged at 13000 rpm for 40 min 

at 4 °C. The soluble extracts were subject to Strep-tactin resin (Qiagen, cat# 30004) according 

to manufacturer’s instructions. After passing 20 volumes of washing buffer (50 mM Tris-HCl 

pH 8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, 10% glycerol), proteins were eluted with a 

buffer containing 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, 10% 

glycerol, and 5 mM D-desthiobiotin. Proteins were further purified by size exclusion 

chromatography (Superdex-200) using AKTA pure FPLC system (GE healthcare) with buffer 

containing 50 mM Tris-HCl pH 8.0, 200 mM NaCl, and 10% glycerol. Purified proteins were 
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concentrated using Amicon Ultra-10k centrifugal filter device (Merck Millipore Ltd.). The 

protein concentration was determined using Bradford assay kit (BioRad Laboratories) with BSA 

as a standard. The concentrated proteins were stored at -80°C before use.  

The N-terminal 6xHis-tagged human KDM4C catalytic domain construct for bacterial 

expression was a kind gift from Prof. Danica Fujimori, UCSF. Plasmids were transformed into 

BL21 [DE3] star cells and grown at 37 °C to an optical density of 0.6. Protein expression was 

induced with 0.3 mM IPTG overnight at 17 °C. Following bacterial cell lysis, expressed protein 

was purified first by nickel affinity chromatography and secondly by size exclusion 

chromatography using a superdex 200 FPLC column. The proteins were concentrated via 

centrifugation. Protein concentration was determined using Bradford assay. 

2.3.2 Lysine Demethylase Family 6 (KDM6) 

The plasmid constructs for the catalytic domain of KDM6B was kindly provided by Prof. 

Christopher Schofield of the University of Oxford. Purified plasmid was transformed into 

Rosetta [DE3] competent cells. Propagation of plasmid-containing cells was performed in Luria 

Bertani (LB) broth at 37 °C. Once the optical density reached ~0.8, protein expression was 

induced with 0.3 mM IPTG shaking at 17 °C overnight. The cells were collected by 

centrifugation at 4000 rpm for 30 minutes. Following bacterial cell lysis, expressed protein was 

purified first by nickel affinity chromatography and secondly by size exclusion chromatography 

using a superdex 200 FPLC column.  
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2.3.3 Formaldehyde Dehydrogenase (FDH) 

The N-terminal 6xHis-tagged P. putida FDH bacterial expression construct in pET28 vector 

was obtained from the Bhagwat laboratory at the Wayne State University The plasmid was 

transformed into E. coli Rosetta [DE3] competent cells. A single colony was picked up and 

grown overnight at 37 °C in 10 mL of Luria-Bertani (LB) broth in the presence of 50 μg/mL 

kanamycin and 35 μg/mL chloramphenicol. The culture was diluted 100-fold and allowed to 

grow at 37 °C to an optical density (OD600) of 0.8, and protein expression was induced 

overnight at 18 °C with 1 mM IPTG in an Innova 44® Incubator shaker (New Brunswick 

Scientific). Proteins were purified as follows: harvested cells were resuspended in 15 mL lysis 

buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, 10% glycerol, 25 

mM imidazole, Lysozyme, DNase, and Roche protease inhibitor cocktail). The cells were lysed 

by pulsed sonication (Qsonica-Q700), and centrifuged at 13000 rpm for 40 min at 4 °C. The 

soluble extracts were subject to Ni-NTA agarose resin (Thermo) according to manufacturer’s 

instructions. After passing 20 volumes of washing buffer (50 mM Tris-HCl pH 8.0, 200 mM 

NaCl, 5 mM β-mercaptoethanol, 10% glycerol, and 25 mM imidazole), proteins were eluted 

with a buffer containing 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, 

10% glycerol, and 400 mM imidazole. Proteins were further purified by size exclusion 

chromatography (Superdex-200) using AKTA pure FPLC system (GE healthcare) with buffer 

containing 50 mM Tris-HCl pH 8.0, 200 mM NaCl, and 10% glycerol. Purified proteins were 

concentrated using Amicon Ultra-10k centrifugal filter device (Merck Millipore Ltd.). The 

protein concentration was determined using Bradford assay kit (BioRad Laboratories) with BSA 

as a standard. The concentrated proteins were stored at -80 °C before use. 
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2.3.4 Histone H3 

Gene sequence encoding wild type Xenopus laevis histone H3 was a kind gift from Prof. Minkui 

Luo at the Memorial Sloan-Kettering Cancer Center. The plasmid containing histone H3-

C110A was transformed into BL21 codon plus (DE3) RIPL competent cells. A single colony 

was picked up and grown overnight at 37 °C in 10 mL of LB broth with 100 μg/mL ampicillin 

and 35 μg/mL chloramphenicol. The inoculation culture was diluted 1:100 fold in fresh LB 

medium and cells were grown at 37 °C until OD600 reached to ~0.7. Protein expression was 

induced by the addition of 0.3 mM IPTG followed by growing for an additional 3 h at 37 °C. 

Cells were harvested by centrifugation at 5000 rpm for 30 min, and then resuspension of the 

pellet in 5 mL of lysis buffer (10 mM Tris-HCl pH 7.5, 2 M guanidinium hydrochloride 

(GdnHCl), 5 mM β-mercaptoethanol, 10% glycerol, DNase, Lysozyme and Roche protease 

inhibitor cocktail). The cells were lysed by pulsed sonication and centrifuged at 20,000g for 40 

min at 4 °C. Insoluble histone was recovered from inclusion bodies by dissolving in 6 M 

GdnHCl and 10 mM Tris-HCl pH 7.5, and incubated for 10 min at room temperature followed 

by centrifugation at 20,000g for 40 min at 4 °C. The soluble histone supernatant was purified by 

size exclusion chromatography on a Superdex-200 using AKTA pure FPLC system. Fractions 

were concentrated using Amicon Ultra-4 centrifugal 3K filter and further purified with 

preparative reverse-phase HPLC (XBridge C18, 5 μm, 10 x 250 mm column) eluting with a 

flow rate of 4 mL/min starting from 10% acetonitrile to 70 % in 15 min and then to 100 % over 

5 min in aqueous trifluoroacetic acid (0.01%). The purified protein was concentrated by 

SpeedVac followed by lyophilization. The protein was stored at -80°C before use. 
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2.3.5 G9a 

The N-terminal 6xhis tagged human G9a construct for bacterial expression was sequenced and 

purified. Purified plasmid was transformed into BL21 [DE3] competent cells. Propagation of 

plasmid-containing cells was performed in Luria Bertani (LB) broth at 37 °C with associated 

antibiotics. Once the optical density reached ~0.8, protein expression was induced with 0.5 mM 

IPTG shaking and 200 mL of 100 mM zinc chloride per 1 L flask was added to aid protein 

folding. Cultures incubated at 17 °C overnight with agitation. The cells were collected by 

centrifugation at 4000 rpm for 30 minutes. Following bacterial cell lysis, expressed protein was 

purified first by nickel affinity chromatography and secondly by size exclusion chromatography 

using a superdex 200 FPLC column. SDS-PAGE and coomassie staining verified isolated 

protein. Proteins were concentrated using Amicon Ultra-10k centrifugal filter device (Merck 

Millipore Ltd.) Protein concentration was determined using Bradford solution and BSA 

standard curve. The protein was stored at -80°C until use in biochemical assays. 

2.3.6 Unnatural Amino Acid (UAA) Incorporation  

KDM4 catalytic domains were mutated with an amber suppressor codon (TAG) substitution at a 

designated site using the mutagenesis protocol. The confirmed mutant KDM4 and tRNA-tRNA 

synthetase plasmids (pEVOL-AzF or pEVOL-BpF) were co-transformed into competent BL21 

[DE3] star cells. Following transformation, single colonies were propagated in 10 mL LB broth 

with associated antibiotics. The cultures were then centrifuged and the pelleted cells were 

resuspended in 3 mL LB broth and transferred to 1 liter of GMML media (Table 4-5). The cells 

were grown to an OD600 of 0.8 by shaking at 37 °C. Once the desired optical density was 
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reached, the unnatural amino acid (Azidophenylalanine, AzF, or Benzophenone, BpF) was 

added to the flasks and the cultures incubated at 17 °C for 30 minutes. L-Arabinose was then 

and the cells incubated for an additional 30 minutes at 17 °C. KDM4 expression was induced at 

17 °C with 0.25 mM IPTG. Proteins were purified as follows: harvested cells were resuspended 

in 15 mL lysis buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, 10% 

glycerol, Lysozyme, DNase, and Roche protease inhibitor cocktail). The cells were lysed by 

pulsed sonication (Qsonica-Q700), and centrifuged at 13000 rpm for 40 min at 4 °C. The 

soluble extracts were subject to Strep-tactin resin (Qiagen, cat# 30004) according to 

manufacturer’s instructions. After passing 20 volumes of washing buffer (50 mM Tris-HCl pH 

8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, 10% glycerol), proteins were eluted with a buffer 

containing 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, 10% glycerol, 

and 5 mM D-desthiobiotin. Proteins were further purified by size exclusion chromatography 

(Superdex-200) using AKTA pure FPLC system (GE healthcare) with buffer containing 50 mM 

Tris-HCl pH 8.0, 200 mM NaCl, and 10% glycerol. Purified proteins were concentrated using 

Amicon Ultra-10k centrifugal filter device (Merck Millipore Ltd.). The protein concentration 

was determined using Bradford assay kit (BioRad Laboratories) with BSA as a standard. The 

concentrated proteins were stored at -80°C before use. Protein concentrations were validated by 

SDS-PAGE and LC-MS. The AzF preservation was determined by a copper catalyzed click 

reaction followed by SDS-PAGE and in-gel fluorescence.  
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Table 4: GMML Media for KDM4-UAA Expression. 

 

Table 5: Heavy Metal Stock Solution for GMML media. 

2.4 MUTAGENESIS 

Mutant plasmids were generated using the QuikChange Lightning site-directed mutagenesis kit 

(Agilent Technologies) and confirmed via Sanger sequencing by GeneWiz and primers from 

IDT (Table 6). The purified plasmids were transformed into BL21 [DE3] or Rosetta [De3] cells 

and expressed and purified similar to their native counterparts. 
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Table 6: Mutagenesis Primers. 
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2.5 GENERATION OF HISTONE METHYL LYSINE ANALOGUES (MLAS) 

For the generation of trimethylated H3KC9Me3, 1 mg of lyophilized histone was dissolved in 

98 μl of alkylation buffer (4 M Guanidine-Hydrochloride, 1 M HEPES pH 7.8, 10 mM 

D/Lmethionine). Once histone was fully dissolved, 2 μl of 1 M DTT (prepared fresh) was added 

to the histone solution followed by 1 h incubation at 37 °C. The solution was then added to 10 

mg of (2-bromoethyl) trimethyl ammonium bromide (Sigma, cat# 117196) and protected from 

light. After incubating for 2.5 h at 50 °C (gently agitating every 30 min), 1 μl of 1 M DTT was 

added to quench the reaction. The solution incubated at 50 °C for an additional 2.5 h. The 

reaction was quenched by adding 5 μl β-mercaptoethanol (β-ME). A PD10 (GE, cat# 17-0851- 

01) column was used to desalt the solution and the histones were eluted with 2 mM β-ME. SDS-

PAGE was performed to determine presence of the histone protein. The samples were 

lyophilized and then resuspended in 50 mM Tris pH 8.0. Protein concentration was determined 

by Bradford assay and the molecular weight was verified by LC-MS. Protein was stored in -80 

°C until used in demethylase activity assay. 

2.6 HEK293T CELL CULTURE AND CELL LYSIS 

Human embryonic kidney (HEK) 293T cells were grown in Dulbecco modified Eagle medium 

(DMEM) (Gibco) supplemented with 10% fetal calf serum in a humidified atmosphere 
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containing 5% CO2 in a T75 flask. At ~80% confluence, cells were treated with 20 µM of 

KDM4 inhibitor n-octyl-IOX1 (EMD Millipore 5.30537.0001)13,14 dissolved in DMSO to 

generate hypermethylated histones. 24 hours post treatment, cells were harvested and lysed with 

300 µL of cold RIPA buffer (Sigma) supplemented with 1X Roche protease inhibitor cocktail 

and 5 mM TCEP by sonicating for 15 min at amplitude of 100 with a repeating 1 min pulse 

cycle at 4 °C. Cell lysates were centrifuged at 12,000 rpm for 30 min at 4 °C  to remove cell 

debris. The supernatant was then passed through the detergent removal spin column (Pierce # 

87778) and eluted with Tris buffer (50 mM Tris-HCl pH 8.0, 10% glycerol, 2 mM TCEP, 1X 

Roche protease inhibitor cocktail) following manufacturer’s protocol. Protein concentration was 

determined by Bradford assay (Bio-Rad Laboratories). This stock solution was used for 

subsequent demethylase activity assays as described below. 

2.7 WESTERN BLOTTING 

Equal volumes of the assay sample were separated on SDS-PAGE and transferred onto a 0.2 μm 

supported nitrocellulose membrane (Bio-Rad Laboratories) at a constant voltage of 40 for 2.5 h 

at 4 °C. Membranes were blocked with 20 mL of TBST buffer (50 mM Tris HCl pH 7.4, 200 

mM NaCl, 0.01% Tween-20) with 5% nonfat dry milk for 1 hr. at room temperature with gentle 

shaking. The blocking buffer was then removed and membranes were washed with 20 mL of 

TBST buffer. Immunoblotting was performed with 1:500 diluted primary antibody (Histone-H3 

mAb, cat# 61475, Active Motif; Histone H3K9Me3 mAb, cat# 61013, Active Motif; Histone 

H3K9Me1, cat# 39681, Active Motif) for 12 h at 4 °C. The antibody solutions were removed 

and membranes were washed three times with TBST buffer. The blots were then incubated with 
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HRP-conjugated secondary antibody Goat anti-Mouse IgG (cat# 15014, Active motif) with 5% 

nonfat dry milk (1:10000 dilution) in TBST for 1.5 h at room temperature. After similar 

washing, protein bands were visualized by chemiluminescence using VISIGLO HRP 

Chemiluminescent substrates A and B (cat# N252-120ML and N253- 120ML, aMReSCO) 

following manufacturer’s protocol. 

2.8 LC-MS ANALYSIS 

Protein samples were loaded onto a PLRP-S column (Higgins Analytical, 5 μm, 1000A, 300 μm 

i.d.× 100 mm) of the LC system (Ultimate 3000, Dionex, Sunnyvale, CA) online coupled to an 

electrospray ionization (ESI) time-of-flight mass spectrometer (micrOTOF, BrukerDaltonics, 

Billerica, MA). Chromatographic separation was performed at a constant flow rate of 3.5 μL/ 

min using a binary solvent system (solvent A: water with 2.5% acetonitrile and 0.1% formic 

acid; solvent B: acetonitrile with 0.1% formic acid) and a linear gradient program (0-5 min, 5% 

B; 5- 10 min, 5-30% B; 10-35 min, 30-70% B; 35-44 min, 70% B; 44-45 min, 70-5% B; 45-60 

min, 5% B). Mass spectra were acquired in positive ion mode over the mass range m/z 50 to 

3000. ESI spectra were deconvoluted to obtain molecular ion masses with Data Analysis 3.3 

(Bruker Daltonics, Billerica, MA) using the MaxEnt algorithm resulting in a mass accuracy of 

0.01%. 
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2.9 IN VITRO ASSAYS 

2.9.1 MALDI-TOF Demethylase Assay 

To monitor enzymatic activity, a demethylase activity assay was optimized and then observed 

through MALDI-TOF. Each histone demethylase assay sample included 10 μM enzyme, 10 μM 

peptide, 1 mM 2-KG/analogues, 50 mM Tris pH 8, 50 μM (NH4)2Fe(SO4)2, and 2 mM L-

ascorbic acid with a total assay volume of 20 μl. Fe(II) supplement and L-ascorbic acid were 

prepared freshly. The 2-KG was added last to the assay sample and briefly centrifuged. The 

samples were incubated at 37 °C for three hours. To observe demethylase activity, 1 μL of assay 

sample was applied to the MALDI plate followed by 1 μL of CHCA matrix. The sample was 

analyzed using Voyager or Bruker on the Reflector Positive mode. The negative control 

included all components of the assay except for the demethylating enzyme.  

For KDM inhibition studies, the demethylation protocol remains the same as for the 

activity, but the inhibitor was added (1-4 mM for 2-HG analogues; 100 μM for NOG analogues) 

to the samples prior to the addition of 2-KG analog (80 μM). 
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2.9.2 Coupled Fluorescence Assay 

The coupled fluorescence assay was used for enzyme kinetics experiments.  

2.9.2.1 FDH Fluorescence Activity Assay 

Following FDH expression and purification, an activity assay was performed prior to the 

initiation of the coupled fluorescence assay used for kinetic characterization of bump-hole pairs. 

The assay was composed of the following reagents: 50 mM HEPES pH 8.0, 50 μM 

(NH4)2Fe(SO4)2, 1 mM L-ascorbic acid, 1mM NAD+, 1 mM formaldehyde, and 100 nM FDH. 

The control sample did not contain FDH. The samples incubated at 37 °C for 10 minutes. The 

accumulation of NADH was measured by fluorescence intensity (excitation= 340 nm, 

emission= 490 nm) on a TECAN Infinite M1000Pro. The data were analyzed using Graphpad 

Prism software and plotted using RFU following normalization (Figure 9). All samples were 

performed in duplicates (172).  

 

Figure 9: FDH Activity Assay. 

Fluorescence activity assay for FDH. Relative fluorescence units (RFU) plotted for both control sample and 

Experimental sample.  
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2.9.2.2 NADH calibration curve 

To convert the relative fluorescence unit (RFU) values collected in the coupled fluorescence 

intensity assay, an NADH calibration curve was generated by measuring fluorescence intensity 

(Figure 10). NADH (ACROS, cat #124530050) was added to assay buffer (50 mM HEPES pH 

8, 50 μM (NH4)2Fe(SO4)2, 1 mM L-ascorbic acid, 1 mM NAD+, 200 nM FDH, and 1 μM 

KDM4A) in varying concentrations (0-10 μM). The experiments were performed in 384-well 

white Corning plates. The fluorescence intensity was measured with excitation = 340 nm and 

emission = 490 nm on a TECAN Infinite M1000Pro. Triplicate values were taken for each 

concentration (172). 

 

Figure 10: NADH calibration curve. 

2.9.2.3 KDM4 Kinetics Characterization 

To determine the catalytic efficiency of the wild type and engineered KDM4A-2-KG pairs, the 

demethylase activity was measure by fluorescence intensity of accumulated NADH by 

employing a coupled fluorescence intensity assay. The experiments were performed in 384- 

well white Corning plates. The assay was composed of an enzyme cocktail (50 mM HEPES pH 
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8.0, 50 μM (NH4)2Fe(SO4)2, 1 mM L-ascorbic acid, 1 mM NAD+, 200 nM FDH, and 1 μM 

KDM4A or KDM4A-F185G and a substrate cocktail (0-175 μM 2-KG/analogue (color key in 

Figure 11) and 300 μM H3K9Me3 peptide. The substrate cocktail was first applied to the 

microplate followed by the enzyme cocktail. The accumulation of NADH was measured by 

fluorescence intensity (excitation= 340 nm, emission= 490 nm) every 30 seconds over a period 

of 15 minutes on a TECAN Infinite M1000Pro. The data were analyzed using Graphpad Prism 

software and converted to μM of H3K9Me3 demethylated using the NADH calibration curve. 

Only points within the linear range (Figure 11) were used to calculate the slope for each 2-KG 

concentration and the values were fitted to the Michaelis-Menten equation to get the Km. 

Experiments were performed in duplicates (172).  
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Figure 11: Coupled Fluorescence Assay linear curves for Kinetic Characterization. 

Native and mutant KDM4 enzymes were kinetically evaluated. RFU values were converted to concentration of 

NADH using the NADH calibration curve. This was plotted against time (seconds) to generate the slope for the 

Michaelis-Menten equation. Each linear line of best fit corresponds to the concentration of 2-KG (number key on 

right of each graph). 
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2.9.3 G9a -KDM4 coupled assay 

Bacterially expressed histone H3 was resuspended in 0.1% Trifluoroacetic acid (TFA) and then 

subjected to a two-step assay where the histone was first methylated by G9a and then 

demethylated by KDM4A-F185G. 20 µg of histone was incubated with 4 µM N-6xhis-G9a, 125 

µM SAM and 50 mM Tris pH 8 at room temperature for 10 minutes. Following incubation, N-

6xhis-G9a was pulled down using 50 µl Nickel beads by shaking the sample with Nickel resin 

for 40 minutes at room temperature. The cleared sample was then transferred to a fresh 

microcentrifuge tube and the histones were subjected to demethylation by F185G. The 

demethylation assay was composed of the following: 20 µg methylated histone, 50 µM F185G, 

1 mM 2-KG analog, 50 mM Tris pH 8.0, 100 µM (NH4)2Fe(SO4)2, 2 mM L-ascorbic acid, and 

10% glycerol. After 1.5 h of incubation at 37ºC, the sample was subjected to western blotting. 

The negative control for the G9a methylation assay included a sample without G9a. The 

negative control for the demethylation assay included a sample without F185G. All samples 

were performed in duplicates.  

2.9.4 Demethylation in HEK293T cell lysates 

For demethylase investigation, 100 µg of HEK293T cell lysate was incubated with 50 µM of 

KDM4-WT or KDM4-mutant in buffer containing 25 mM Tris pH 8.0, 100 µM 

(NH4)2Fe(SO4)2, 2 mM L-ascorbic acid, 10% glycerol and 1 mM 2-KG/analogues. After 2.5 h 

of incubation at 37 ºC the samples were analyzed for demethylation by western blotting. 
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For KDM inhibition studies, the demethylation protocol remains the same as for the 

activity, but the inhibitor was added (1-4 mM for 2-HG analogues; 100 μM for NOG analogues) 

to the samples prior to the addition of 2-KG analog (80 μM). 

2.9.5 Copper Catalyzed Click Assay 

Bacterially expressed and purified KDM4 protein (WT or AzF mutant) was either exposed to 

365 nM light (for varying amounts of time) or kept out of UV range. Following exposure, 10 μg 

enzyme was incubated with 100 μM Tris(benzyltriazolylmethyl)amine (TBTA), 100 μM 

TAMRA-alkyne, 1 mM copper sulfate (CuSO4), and 2 mM freshly dissolved Ascorbic acid for 

2 hours at 37 C shaking at 350 rpm. Following the incubation, in-gel fluorescence was 

performed using 8% SDS-PAGE to visualize clicked band. Negative controls included samples 

without enzyme as well as samples with wild type enzyme.  

2.9.6 In-gel Fluorescence Crosslinking 

The optimized in gel fluorescence conditions are as follows: 30 uM enzyme, 5 uM TAMRA-

H3K9me3 peptide, 100 uM (NH4)2Fe(SO4)2, 2 mM Ascorbate, 50 mM Tris-HCl and 200 mM 

2-KG, 1mM NOG. The samples incubated at room temperature for approximately 2 minutes 

and were then exposed to 365 nM UV light for 40 minutes in an ice bath. The samples were 

then mixed with SDS-PAGE loading dye and analyzed via 8% SDS-PAGE fluorescence. The 

gels were coomassie stained to validate that the enzyme was in each sample. Negative controls 

included the lack of enzyme, the addition of wild type enzyme that will not undergo 
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crosslinking and the lack of UV exposure for each sample. All samples were performed in 

duplicates.  

Optimization of this system included varying enzyme concentration, type of fluorephore 

utilized, varying peptide concentration, varying incubation and UV exposure time, varying 2-

KG concentration and the addition of different 2-KG competitive inhibitors. 

2.10 DEMETHYLATION IN LIVE HEK293T CELLS 

HEK293T cells were transfected with 15 ug full length native or mutant (F185G) KDM4A 

plasmid using Lipofectamine 2000. The cells were treated with 1 mM cell permeable 

dimethylester-2-KG analog 24 hours post transfection. The cells were harvested 24 hours after 

treatment with compound. Histone extraction was performed and Histone H3 was quantified 

using 15% SDS-PAGE and coomassie staining. Western blotting was then performed on equal 

amounts of histone using antibodies for H3K9me1, H3K9me3 and Histone H3. All experiments 

were performed in duplicates. Control samples included the transfection with empty PCMV 

vector and no treatment. 
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3.0  RESULTS AND DISCUSSION 

3.1 KDM BUMP HOLE ACTIVATION 

Studies have shown that orthogonal protein:ligand pairs can be generated through a ’bump-and-

hole’ approach  where site directed mutagenesis is performed on a protein of interest to generate 

a hole, which can be allele-specifically activated or inhibited by a compensatory bulky ligand.  

Because of cofactor 2-KG redundancy, we generated a bump-and-hole system to  study the 

KDM4 family of epigenetic modifiers. Previously, we have shown that KDM4A can be 

specifically activated by bulky 2-ketoglutarate cofactors. Upon mutagenesis, substrate 

specificity  is conserved and the approach in other KDM4 members (KDM4B, KDM4C, 

KDM4D) showed similar orthogonal results. Although the 2-KG analogues from our previous 

study did not activate other native 2-KG dependent oxygenases, TET2, FTO, and KDM6B, our 

specificity screening was not exhaustive and the catalytic efficiency of the engineered system is 

moderately reduced compared to the native KDM4A-2-KG pair (171-172). Thus, we expanded 

the repertoire of 2-KG analogues to generate an improved allele-specific activation system for 

KDM4s. 
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3.1.1 Generation of 2-Ketogluarate Library 

Previously, we identified a phenylalanine residue within the JmjC domain that is conserved in 

KDM4A-D and is perfectly poised towards the 2-KG cofactor (Figure 12A-B). We found that 

this residue can accommodate a bulky 2-KG cofactor analog upon mutagenesis to a 

significantly smaller glycine residue. Specifically, residue F185 of KDM4A and its 

corresponding residues in KDM4C and KDM4D (F187, F189, respectively) efficiently utilize 2-

KG-ethyl (3) and 2-KG-isobutyl (7) for demethylase activity when mutated to a glycine. We 

aimed to improve our orthogonal KDM4-2-KG engineered pair by identifying a bulkier 2-KG 

analog with similar kinetic efficiency to reduce potential small molecule promiscuity during 

in-cell experiments. First, the 2-KG analog library was expanded for demethylase 

activation screening. 

Figure 12: Development of KDM4 Hole and Bumped 2-KG Analogues 

A) Amino acid sequence alignment of KDM4 subfamily A-E. The red highlighted phenylalanine (F) residue is the 

site of interest for the hole being generated in each enzyme. B) Crystal structure of KDM4A-D (respective PDB: 

2YBS, PDB: 4LXL, PDB: 4XDO, PDB:4HON). The 2-KG (yellow) binding pocket is shown with surrounding 

amino acids in white and the phenylalanine residue of interest in blue. C) 2-Ketoglutarate analog library. 

Analogues with will be referred to by the bold number below each functional group.

A B

C
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A total of eight 2-ketoglutarate analogues were previously screened for KDM4A 

demethylase activation. Seven additional 2-KG bulky analogues were synthesized, purified and 

validated for screening for demethylase activation of KDM4 native and mutant constructs 

(Figure 12C).  

3.1.2 Biochemical characterization of 2-KG analogues for KDM4 activation 

The JmjC catalytic domain of native and mutant KDM4A, KDM4C and KDM4D were 

bacterially expressed and purified for demethylase activity screening with the new generation of 

2-KG analogues (9-15). The KDM4 family is known to demethylate histone H3K9me2/me3

(Figure 13A). To measure demethylase activity, a simple mass spectrometry MALDI-TOF 

assay was utilized. Demethylation is a mass change of 14 Daltons resulting in a resolvable mass 

peak in the MALDI-TOF spectrum (Figure 13B). The proportion product (H3K9me1/me2) for 

each screening is depicted in the heat maps of Figure 13C-E. The demethylase assay screening 

for all KDM4 members resulted in similar activation patterns previously observed when using 

the first generation of 2-KG analogues (1-8). The native constructs were completely activated 

by 1 and were not activated by 9-15. The mutant KDM4 constructs were not activated by 1 and 

were activated to some extent by almost all of the 2-KG analogues screened. KDM4A-F185G 

was activtated by all of the 2-KG analogues, with the greatest extent of activation observed 

when paired with 3, 7, 11, 12, and 13. KDM4C-F187G was activated most strongly by 3, 7, and 

11 and KDM4D-F189G was strongly activated by 3, 7, and moderately activated by 12 and 13. 

The cyclical 2-KG derivatives – 9, 14, and 15, failed to induce demethylase activity, 

demonstrating that the JmjC engineering cannot accommodate these extremely bulky residues 

for the enzymes hydroxylation mechanism. Together these results further demonstrate the 
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orthogonality of the engineered system and provide a larger library of compounds to investigate 

further for proof of concept validation.  

 

Figure 13: Screening Engineered KDM4-2-KG Pairs for Demethylase Activity. 

A) Schematic of successive lysine demethylation by KDM4 through the utilization of 2-KG. B) MALDI-TOF 

spectrum cartoon depicting mass change corresponding to methyl status. The removal of one methyl group is a 14 

Dalton loss. C-E) Heat map diagram for KDM4A/C/D bump-hole activation screening with 1, 3, 7, 9-15.  

 

The MALDI-TOF demethylase screening results show that 3, 7, 11, 12 and 13 can 

activate the KDM4 mutants, but the assay was developed to reduce the potential false negatives. 

Functionally, enzymes rapidly perform their mechanism over and over again, meaning one 

KDM4 molecule can demethylate several molecules of histone H3K9 successively. This 

mechanism allows for one individual KDM4 molecule to remove two methyl groups from the 

same H3K9 substrate. The MALDI-demethylase assay uses a 1:1 enzyme to substrate ratio to 

eliminate the ‘rate of demethylation’ variable. Additionally, there are over 60 enzymes in 

humans that have been identified that utilize 2-KG as a cofactor. The average cellular 

C 
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concentration of 2-KG in human cells is approximately 40 μM. The concentration of 2-KG 

applied in the MALDI demethylase assay is 1 mM to eliminate the ‘effective concentration’ 

variable. Epigenetic enzymes are kinetically efficient allowing a plethora of proteins to be 

functional with only 40 μM of their necessary cofactor. To determine if the KDM4-2-KG 

engineered pairs identified are kinetically competent, a coupled-fluorescence assay was 

implemented.  Previously, we identified KDM4A-WT needs approximately 12 μM 2-KG (1) 

tobe 50% active. The Km for KDM4A-F185G was within 5-fold for derivatives 3, 7, 11, 12 and 

13. The Km for KDM4A-F185G was the lowest for 7 and 13, but they had the lowest turnover 

rate depicted by the Michaelis-Menten curve in Figure 14. Interestingly, 12 had a turnover rate 

similar to 3, but the Km is the highest of the compounds screened (F185G + 3 = 29.49 ± 1.8 

μM; F185G + 7 = 19.72 ± 4.2 μM; F185G + 11 = 30.81 ± 4.8 μM; F185G + 12 = 58.07 ± 5.4 

μM; F185G + 13 = 23.9 ± 3.6 μM).  The kinetic assessment mildly differentiates superior 

compounds for the KDM4A-F185G pair, but because they are all within a similar range and 

close to the kinetic characteristics of the native system, all compounds were investigated 

further. In addition to kinetic characterization, these compounds have been screened with other 

2-KG dependent enzymes to determine potential cofactor promiscuity. Native FTO, TET and 

KDM6B constructs did not show activity with 3, 7, 11, 12, or 13.  
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Figure 14: Michaelis-Menten Plot of KDM4A-F185G-2-KG Pairs 

Kinetic characterization of KDM4A-F185G-2-KG analog pairs. Top chart shows the Michaelis-Menten plot with 

each curve corresponding to the corresponding 2-KG analog (see key). Bottom table provides values for the Km 

identified for each 2-KG analog when paired with KDM4A-F185G.  

3.1.3 Demethylation towards Full Length Histones 

The engineered KDM4A-2-KG pairs were subjected to a coupled G9a-KDM4A assay to 

determine if the systems are active towards full length histone substrates and to demonstrate the 

dynamic nature of histone methylation modifications. Bacterially expressed full length histones 

were exposed to lysine methyltransferase G9a and universal methyl donor, S-

adenosylmethionine (SAM), to generate dimethylated H3K9, a substrate of KDM4A. The newly 

modified H3K9 was then incubated with the KDM4A-F185G-2-KG pair of choice to generate 

monomethylated H3K9 product. All engineered pairs resulted in abundant H3K9me1 compared 

to the H3 product produced by G9a and SAM (Figure 15A-B). The bump hole pairs for 

KDM4A/C/D were then tested in HEK293T cell lysates to determine if they are applicable in a 

physiologically relevant environment. HEK293T cells were treated with potent KDM4 
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inhibitor, n-octyl-IOX1 to enrich the cells with KDM4 substrate, H3K9me3 (Figure 15C). Upon 

exposure of lysates to the engineered pairs, there was a dramatic reduction in H3K9me3 levels 

for all systems (Figure 15D-F). In cell lysates, F185G showed greatest activity when paired with 

11, 12, and 13, depicted by the loss of H3K9me3 signal. KDM4A-F185G paired with 11-13 

seems to improve demethylation activity suggesting that the bump-hole system has been 

improved compared to our previous results. F187G and F189G showed similar levels of 

activation when implemented in live cells. 

 

Figure 15: Bump Hole Activation towards Full Length Histones. 

A) Cartoon schematic of the G9a-KDM4 coupled assay. G9a dimethylates Histone H3K9. The dimethylated 

histone is then incubated with the KDM4-2-KG pair to remove the methyl groups. B) Western blot of G9a-KDM4 

coupled assay. KDM4A-F185G was paired with 3, 11-13 following histone methylation by G9a. Western blotting 

was performed to evaluate levels of H3K9me1 and H3K9me2. C) Cartoon schematic of bump hole activation in 

HEK293T lysates. Western blot of bump hole activation in HEK293T cells for D) KDM4A-F185G, E) KDM4C-

F187G, F) KDM4D-F189G. Western blotting was performed to evaluate levels of H3K9me3.  
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3.1.4 Demethylase Bump-Hole Activation in HEK293T cells 

The in vitro investigation of the KDM4 bump-hole systems suggests complete orthogonality 

and kinetic competence providing confidence to implement this approach in live mammalian 

cells. The cell membrane is composed of a lipid bilayer for regulated trafficking of molecules 

between the cell’s internal and external environment. Because of the membrane’s hydrophobic 

characteristics, 2-KG and the 2-KG analogues are not cell permeable. To permeablize the 

cofactors of interest, 1, 3, and 7 were esterified to become dimethyl-ester derivatives (1DM, 3DM, 

7DM, respectively, Figure 16A). This process increases the hydrophobicity of the cofactors, 

making them more permeable. Cellular esterases will cleave the ester bonds to allow for the 

compounds to resume the structure screened in vitro and be accommodated in the KDM4 

mutant catalytic domain, as well as, reduce their permeability effectively sequestering the 

compound in the cell.  

Full length constructs of native KDM4A and F185G mutant KDM4A were transiently 

transfected into HEK293T cells treated with KDM4 inhibitor, IOX1. HEK293T cells were then 

treated with 1DM, 3DM, or 7DM. Differences in levels of H3K9me3 were compared between 

samples via western blotting which showed modest decreases in cells treated compared to 

empty control cells (Figure 16B). There is a significant decrease in H3K9me3 upon cellular 

treatment with F185G + 7 compared to the treatment with the native system and the empty 

control cells. Additional experiments were performed to conclude that the decrease in 

trimethylated H3K9 observed is not due to compound treatment alone or transfection treatment 

alone. The implementation of the developed KDM4A-2-KG bump hole system in HEK293T 

cells is promising, but needs further validation and can be improved. Additional esterified 2-KG 
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derivatives need to be tested including 11-13DM and potentially even longer ester derivatives. 

For instance, the addition of an octyl-ester chain has shown to greatly improve permeability of 

compounds, including IOX1, so this may be a strategy to implement onto these 2-KG analogues 

to improve potency.  

 

Figure 16: Bump Hole Activation of KDM4A in HEK293T cells. 

A) Cell permeable 2-KG compound structures. B) Western blot of bump hole activation in HEK293T cells. Levels 

of H3K9me3 and H3K9me1 were evaluated for cells treated with enzyme and compound and compared to the 

control sample (No enzyme).  

3.1.5 Generality of Method to other KDMs members 

KDM6B is another JmjC domain containing enzyme that is known to demethylate 

H3K27me1/me2/me3 to transcriptionally activate target genes (Figure 17A). H3K27me3 is a 

crucial histone modification for the repression of various genes involved in cell cycle regulation 

and development. Additionally, hypermethylation of H3K27 contributes to cell proliferation in 

cancers such as pancreatic ductal adenocarcinoma. KDM6B is downregulated in several cancers 

potentially keeping tumor suppressor genes inactivated.  To assess the generality of the bump-

A B 



 69 

hole approach developed for KDM4, KDM6B was engineered in a similar fashion and screened 

for demethylase activity when paired with the 2-KG analogues. The crystal structure of 

KDM6B was used to target residues for mutagenesis for catalytic domain expansion. There are 

several bulky residues residing in the 2-KG binding pocket of KDM6B. Previous engineering 

performed on KDM4A shows that altering some of these corresponding residues completely 

abolishes enzymatic activity, so these residues were not targeted for mutagenesis in our initial 

experiments. Valine-1472 is positioned directly above the C4 position of 2-KG, similar to F185 

in KDM4A, making it an ideal target for mutagenesis to accommodate bulky 2-KG analogues 

(Figure 17B, PDB 4EZH). Following mutagenesis of KDM6B to V1472A or V1472G, 

demethylase activation was screened using H3K27me3 peptide. The native KDM6B was not 

activated by any 2-KG analogues, which further demonstrates the orthogonality of the F185G 

engineered system. Interestingly, V1472A was not activated by any 2-KG analogues, but 

V1472G mutant showed strong demethylase activity when paired with 1-6, and 11 (Figure 

17C). V1472G, however, does not provide a fully orthogonal system, as it accepts native 2-KG, 

but a concentration dependent assay suggests that V1472G will only be weakly activated by 2-

KG under more physiological conditions. Demethylation of H3K27me3 peptide by native and 

mutant KDM6B enzymes was monitored upon activation by varying concentrations of 2-KG 

(Figure 17D). KDM6B almost completely converted H3K27me3 to non-methylated peptide 

with 20 µM 2-KG (75% H3K27me0), whereas, V1472A only provided ~50% non-methylated 

peptide and some trimethylated product remained when incubated with 20 µM 2-KG. At 20 µM 

2-KG, V1472G did not produce any non-methylated product and majority of the peptide was di- 

and tri-methylated.  V1472G did not completely demethylate H3K27 even at 1 mM 2-KG. With 

a cellular concentration of 2-KG being approximately 40 μM, V1472G may not be strongly 
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activated in cells, allowing for the system to be highly, but not completely orthogonal. 

Importantly, the mutagenesis does not disrupt substrate specificity, as the mutants did not show 

demethylase activity towards H3K9me3 or H3K36me3 peptide, keeping the functional integrity 

intact (Figure 17E). Lastly, KDM6B-V1472G was tested for activation in HEK293T cell lysates 

(Figure 17F). Because H3K9me3 and H3K27me3 are complementary marks, hypermethylation 

of H3K9 often results in hypermethylation of H3K27. HEK293T cells were treated with KDM4 

inhibitory, n-octyl-IOX1, lysed, and incubated with the engineered KDM6B system. 

H3K27me3 signals were diminished in the lysates incubated with KDM6B-V1472G + 3/11 

compared to controls. These results strongly suggest that the corresponding KDM4-F185 

residue in other JmjC containing proteins may be a ‘gate-keeper’ residue for generating 

demethylase bump-hole systems. Because the orthogonality for the KDM6B engineering is not 

perfect, further structural alterations may need to be done for other KDMs to provide 

completely orthogonal pairs. Potential residues to mutate include the tryptophan, tyrosine and 

phenylalanine residues residing in the 2-KG binding pocket.  
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Figure 17: Bump Hole Activation of KDM6B. 

A) Cartoon schematic of histone demethylation by KDM6B. KDM6B can completely remove methyl groups from 

histone 3 lysine 27 (H3K27). B) Crystal structure of KDM6B (PDB: 4EZH). 2-KG (yellow) binding pocket is 

shown with the surrounding amino acid residues in white and the valine of interest in blue. C) Heat map diagram of 

demethylase activity towards H3K27me3 for the KDM6B bump hole pairs. D) MALDI spectrum showing activity 

of KDM6B-WT/V1472A/V1472G with 20 µM 2-KG towards H3K27me3. Pie charts in the upper right corner of 

each spectrum depict the methyl status distribution for each spectrum (me0: blue, me1: orange, me2: grey, me3: 

green). E) Heat map diagram of substrate specificity for KDM6B mutants. F) Western blot of KDM6B-V1472G + 

3/11 bump hole activation in HEK293T cell lysates. Levels of H3K27me3 were compared for each sample.  
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3.2 KDM BUMP HOLE INHIBITION 

Several JmjC domain containing enzymes are overexpressed in disease, providing the rationale 

to develop an orthogonal inhibition system in tandem with the bump-hole activation. Having 

both an activator and inhibitor for the same protein will provide an ‘on and off’ switch for gene 

regulation by a specific JmjC domain containing enzyme of choice.  

3.2.1 Generating and Biochemically Characterizing KDM4A Mutants 

Additional KDM4A mutants were generated for potential inhibition. Again, the crystal structure 

of KDM4A was analyzed to target specific amino acids for mutagenesis. Four mutants were 

generated harboring an expanded catalytic domain: N198A, N198G, A286G and S288A. 

Similar to the bump-hole activation system, these mutants were screened for demethylase 

activity when paired with 1-15. All four of the mutants only showed activity with 1 towards 

H3K9me3 and H3K36me3. Additionally, the mutagenesis did not disrupt the substrate 

specificity of these enzymes depicted by the lack of demethylation towards H3K4me3 and 

H3K27me (Figure 18A). These mutants were then kinetically characterized. Interestingly, the 

mutants had lower Km values compared to the Km identified for the native KDM4A (WT; 

N198A; N198G; A286G; S288A) (Figure 18B). Also, KDM4A-S288A most efficiently used 1 

compared to the other mutants based on the Michaelis-Menten curve in Figure 18.  
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Figure 18: Biochemical Characterization of Bump Hole Inhibition Pairs. 

A) Heat map diagram of demethylase activity of KDM4A mutants towards H3K4me3, H3K9me3, H3K27me3 and 

H3K36me3. B) Michaelis-Menten curves for KDM4A mutants when paired with 2-KG-1. The respective Km 

values are in the table below the graph.  

3.2.2 Screening KDM4A Inhibition with 2-HG Analogues 

To initiate the development of this system we used known 2-KG competitive inhibitor, 2-

Hydroxyglutarate (2-HG), as a skeleton to develop 2-HG bulky analogues (Figure 19A). 

Following the synthesis and purification of  2-HG analogues, KDM4A/C/D, KDM6B and their 

respective mutants (F185G, F187G, F189G, V1472A, V1472G) were screened for demethylase 

inhibition via MALDI. All native constructs were strongly inhibited by 16 and were not 

inhibited by 17-20. F185G, F187G and F189G were strongly inhibited by 17-20 clearly 

demonstrating that the mutagenesis accommodates the bulky group of the 2-HG analogues. 
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Additionally, the approach is further validated for generality among JmjC domain 

containing enzymes observed by the orthogonal inhibition pairs generated for V1472A and 

V1472G, specifically when paired with 20 (Figure 19B). The bump hole inhibition pairs were 

then tested in HEK293T cell lysates to determine if they are applicable in a physiologically 

relevant environment. HEK293T cells were treated with potent KDM4 inhibitor, n-octyl-IOX1 

to enrich the cells with KDM4 substrate, H3K9me3. Upon exposure of lysates to the engineered 

pairs, there was a dramatic reduction in H3K9me3 levels for systems incubated with 2-KG 

analog. The bump hole inhibition systems were demonstrated in cell lysates when the 2-HG 

analog was added to the sample (Figure 19C). Compounds 17 and 18 strongly inhibited F185G, 

but failed to inhibit KDM4A-WT. Through this demethylase inhibition screening, orthogonal 

systems have now been generated for KDM4A, KDM4C, KDM4D and KDM6B, but the 

effective inhibitory concentration of 1 towards KDM4A is in the millimolar range. This 

screening provides a robust template for the development of a bump-hole inhibition system for 

JmjC domain containing enzymes, but needs to be improved for the implementation in cells as 

toxicity may be a limiting factor for the 2-HG analogues.  
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Figure 19: Screening Engineered KDM-2-HG pairs for Inhibition. 

A) 2-hydroxyglutarate (2-HG) analogues. The bold number below each functional group will be used to refer to 

compounds. B). Heat map diagram of demethylase inhibition of KDM bump hole pairs towards H3K9me3 or 

H3K27me3 for KDM4 or KDM6B, respectively. C) Western blot of bump hole inhibition in cell lysates for 

KDM4A-F185G paired with 3 or 7 activators and  17 or 18 inhibitors.  

3.2.3 Screening KDM4A Inhibition with NOG Analogues 

To further develop the bump-hole inhibition system, a more potent 2-KG competitive inhibitor 

was chosen as the template. N-oxalylglycine (NOG, 21) is similar in structure to both 2-KG and 

2-HG, but has an IC50 value of ~17 μM for KDM4A. A total of 32 bulky NOG analogues were 

screened against the KDM4A mutants (F185G, N198A, N198G, A286G, S288A) for H3K9me3 

demethylase inhibition via MALDI (Figure 20A-B). H3K9me3 demethylation by native 

KDM4A (WT) was completely inhibited by 21 and was weakly inhibited 10 of the analogues. 
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Unsurprisingly, F185G was inhibited to some extent by almost all of the NOG analogues. 

F185G was only weakly inhibited by 21 and was strongly inhibited by 14 of the 32 bulky 

analogues. Interestingly, the KDM4A mutants that readily accept the native 2-KG (1) are 

strongly inhibited by 32, which is one of the largest NOG compounds in the library. Utilizing 

NOG as a template has proven to be successful based on this preliminary screening. When 

screening 2-HG analogues, 1 mM of 2-HG inhibitor was used in the assay, whereas, the NOG 

screening was performed with only 100 μM of NOG analog inhibitor. 

 

Figure 20: Screening Engineered KDM4A-NOG Pairs for Inhibition. 

A) N-oxalylglycine (NOG) native compound (21) and modification sites (R1 and R2). Compounds 22-52 refer to 
different NOG analogues that are modified at either R1 or R2 or at both modification sites. B) Heat map diagram 
depicting percent demethylase inhibition towards H3K9me3. KDM4A construct is shown at the bottom and the 
compound number is on the left.   
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3.2.4 IC50 Determination  

Because NOG is a potent and broad range inhibitor, the IC50 of select pairs was measured for 

the WT and F185G KDM4A (Figure 21A-C). NOG 32 was of immediate curiosity because the 

use of a mutant that accepts the native 2-KG in live cells could decrease the amount of 

engineering done and allow a simpler model to be utilized. Because 32 weakly inhibits 

KDM4A-WT, the IC50 needed to be identified. Unfortunately, the IC50 of 32 towards KDM4A-

WT is low, making it a rather potent inhibitor. Because of this, orthogonality will likely not be 

achieved once applied in cells. Further engineering on this molecule should be performed to 

develop the bump-hole system desired. This molecule may be of use as a broad range KDM4 

inhibitor once made cell permeable.  

KDM4A-F185G is potently inhibited by 24, 25, and 28 with micromolar or 

submicromolar IC50 values (F185G + 24 = 1.225; F185G + 27 = 0.6263; F185G + 28 = 10.77). 

The structural complementarity developed by the system is clearly demonstrated by the 

difference in IC50 value for 21 towards the native and mutant enzyme (WT + 21 = 6.42; F185G 

+ 21 = 605.9). Additionally, 24, 27, and 38 did not effectively inhibit KDM4A-WT. The NOG 

analogues that inhibit KDM4A-F185G have been screened for inhibition of additional 2-KG 

dependent enzymes and this has further supported their specificity and the orthogonality of this 

system. Together, these data provide a promising KDM4A-NOG bump hole system that could 

potentially be employed in concert with the bump hole activation system.  
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Figure 21: IC50 Determination. 

IC50 curves for A) KDM4A-WT and B) KDM4A-F185G when paired with 21, 24, 27, 32. C) Table showing 

functional group of NOG analog and IC50 value (μM). 

3.3 PHOTO-INDUCIBLE KDM4 CROSSLINKERS 

The specific substrates for each KDM4 member are not well characterized due to the lack of 

appropriate tools. Chromatin immunoprecipitation (ChIP) is beneficial because it shows where 

proteins are localizing across the genome, but it is incapable of reporting catalytic activity of 

enzymes. I plan to incorporate a photo-crosslinkable unnatural amino acid (pUAA) into the 

catalytic domain of KDM4A without disrupting its enzymatic properties (demethylase activity 

and substrate specificity) to identify non-histone substrates and genomic loci specifically 

regulated by this enzyme.  

The incorporation of the pUAA into the catalytic domain of KDM4A requires the 

expansion of the genetic code.46  Twenty canonical amino acids are used as the building blocks 
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for protein construction within living systems. Adding the pUAA as a building block involves a 

unique codon that is not assigned to a native amino acid. For incorporation of the pUAA at 

specific locations, an evolved orthogonal tRNA/aminoacyl tRNA-synthetase pair will be 

employed into the host cell (Figure 22).  

 

Figure 22: Unnatural Amino Acid Incorporation. 

The gene of interest is site specifically mutated with the amber suppressor codon (TAG). Cells are treated with the 

mutated plasmid, unnatural amino acid, and evolved tRNA synthetase/tRNA pair. The evolved system will 

incorporate the unnatural amino acid into the protein at the amber codon site.  

3.3.1 Generating KDM4A Mutants Containing Unnatural Amino Acids 

To express a photo-crosslinkable KDM4A in bacterial cells, the catalytic domain (JmjC) of 

KDM4A was assessed using the crystal structure (PDB: 2YBS) to identify target residues for 

the incorporation of para-azidophenylalanine (pAzF), the pUAA of choice based on proximity 

to the histone substrate (Figure 23A). Residues within 5 angstroms to the histone substrate were 

chosen for mutagenesis rationalized by the average nitrogen-carbon bond length being 
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approximately 1.5 angstroms and mutagenesis subtly altering amino acid positions. Following 

mutagenesis, successful incorporation of pAzF or benzophenone (BpF) (Figure 23B) was 

confirmed via SDS-PAGE and LCMS-MS (Figure 23C-D). For proper cross-linking to occur, 

the azide group of the pAzF needs to be intact prior to UV light exposure. To determine if the 

pAzF was compromised prior to cross-linking assays, a copper catalyzed click assay was 

performed. Fluorescent Tetramethylrhodamine (TAMRA) labeled alkyne was incubated with 

the purified protein of interest (KDM4A-I71AzF) in azide-alkyne copper catalyzed click 

conditions, both before and after exposure to 365 nm UV light. The samples were run on SDS-

PAGE for fluorescent analysis. The fluorescent band is only visible prior to UV exposure 

confirming that the azide group is intact following expression and purification and the protein is 

UV photo-inducible demonstrated by the lack of a signal (Figure 23E-F).   
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Figure 23: Generating KDM4A Photo-Crosslinkable Mutants. 

A) Crystal structure of KDM4A substrate binding pocket (PDB:). Residues targeted for mutagenesis (white) are 

within close proximity to the bound H3K9me3 (yellow). B) Photo-inducible unnatural amino acids with 

crosslinking ability. Top is para-azidophenylalanine (pAzF) and bottom is benzophenone (BpF). C) Coomassie 

stained SDS-PAGE gel of bacterially expressed and purified KDM4A-UAA catalytic domains. D) LCMS-MS 

results for expressed and purified KDM4A-UAA catalytic domains showing the successful incorporation of pAzF. 

E) Copper catalyzed click schematic for incorporation and preservation of pAzF into KDM4A. F) In-gel 

fluorescence and Coomassie stained SDS-PAGE gel of copper catalyzed click reaction on KDM4A-I71AzF with 

and without exposure to 365 nm UV light.  

3.3.2 Assessing the Enzymatic Activity of KDM4A-UAA Mutants  

A total of 15 KDM4A-pUAA mutants were successfully expressed and purified, with 2 

harboring the bulkier UAA known as BpF (Figure 23B). All mutants were screened for 

demethylase activity towards H3K9me3 peptide using the e optimized MALDI-TOF 

demethylase assay. Three of the 15 mutants, I71AzF, Y177AzF, and K241AzF, maintained 

demethylase activity (Figure 24A) and were further analyzed for substrate specificity remaining 

intact. To determine if substrate specificity remained intact for the active mutants, demethylase 

assays were performed on H3K4me3, H3K27me3 and H3R2me2 peptides and measured by 
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MALDI-TOF. The native and mutant enzymes only showed demethylase activity towards 

H3K9me3 peptide indicating that substrate specificity is conserved (Figure 24B-C). This 

screening confirms that 3 of the 15 mutants bind KDM4A histone substrates and maintain the 

specificity which will reduce false positives in specificity which will reduce false positives in 

future crosslinking experiments.  

 

Figure 24: Assessing the Enzymatic Activity of KDM4A-UAAs. 

A) Heat map diagram showing catalytic activity of KDM4A-UAAs towards H3K9me3. B) MALDI-TOF spectra 

showing demethylase activity towards H3K9me3. C) MALDI-TOF spectra showing demethylase activity of active 

KDM4A-UAAs (I71AzF, Y177AzF, K241AzF) towards H3K4me3, H3K27me3, H3R2me2 to demonstrate 

substrate specificity. 
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3.3.3 Screening KDM4A Mutants for Crosslinking Abilities 

All mutants were then screened in vitro for crosslinking capabilities towards fluorescently 

labeled carboxyfluorescein (6CF) H3K9me3 peptide by exposing the samples to 365 nm light 

for 20 minutes and performing in-gel fluorescence (Figure 25A). KDM4A-I71AzF and 

KDM4A-K241AzF successfully crosslinked to 6CF-H3K9me3, which provides a proof of 

concept as well as insights that maintained enzymatic activity might be an appropriate filter for 

determining potential crosslinkable mutants. KDM4A-I71AzF more efficiently crosslinks the 

peptide substrate compared to the K241AzF mutant based on the higher intensity signal 

observed via in-gel fluorescence (Figure 25B). Additionally, I71 is further from the methylated 

lysine residue within the substrate compared to other target residues (Figure 23A). The activity 

screening and crosslinking assays suggest that I71 does not have a role in substrate binding or 

orienting the histone for demethylation, but is in close enough proximity to a histone residue to 

crosslink.  

The I71AzF-6CF-H3K9me3 signal validates that the enzyme is photo-inducible, but the 

signal is not robust. To optimize the crosslinking system to increase efficiency, a time-

dependent copper catalyzed click assay was performed. Purified KDM4A-I71AzF was exposed 

to 365 nm UV light for varying amounts of time (0-60 minutes) followed by the initiation of the 

click reaction. In-gel fluorescence was performed to determine the optimal UV exposure time 

for complete nitrene formation. The azide species remained intact with up to 30 minutes of UV 

exposure and there was a complete loss of azide signal at 40 minutes (Figure 25C). All 

crosslinking experiments were performed with 40 minutes of UV exposure time following this 

experiment. In addition to the time-dependent click assay, the fluorphore-labeled histone 
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H3K9me3 peptide substrate was changed from an unstable carboxyfluorescein (6CF) label to a 

more robust and sensitive trimethylrhodamine derivative – TAMRA label. KDM4A-I71AzF 

was then tested for more thorough crosslinking towards TAMRA-H3K9me3 peptide and 40 

minutes of 365 nm exposure time. The crosslinked species signal was clearly more intense 

under these conditions providing confidence that the protein is an effective cross-linker (Figure 

25D). This is important because there are likely non-histone substrates that are less abundant in 

cells compared to histone H3 and the crosslinkable enzyme must be efficient to covalently bind 

to highly transient interacting proteins.  
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Figure 25: Screening KDM4A Mutants for Crosslinking Ability. 

A) Photo-induced crosslinking conceptual cartoon. B) In-gel fluorescence of KDM4A-UAA crosslinked to 6CF-

H3K9me3. Orange arrow indicates mutants with an evident crosslinking band. Coomassie stained SDS-PAGE 

shows KDM4A protein is present in each sample. C) In-gel fluorescence of copper catalyzed click assay for UV 

exposure time optimization. Coomassie stained SDS-PAGE of KDM4A-I71AzF below. D) In-gel fluorescence of 

KDM4A-I71AzF crosslinked to TAMRA-H3K9me3 with coomassie stained SDS-PAGE showing KDM4A-

I71AzF in each sample below.  
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3.3.4 Photo-crosslinkable KDM4C and KDM4D 

Because the KDM4 members are sequentially and structurally homologous (Figure 26A), the 

KDM4A mutants showing activity (enzymatic and/or crosslinking) were generated in KDM4B-

D. These mutants were expressed and purified as stated for KDM4A and similar activity and 

crosslinking experiments were conducted. KDM4B does not express suggesting that the protein 

folding may be compromised with the incorporation of the unnatural amino acid at the I72 site 

or the catalytic domain vector needs to be optimized for increased protein yield. KDM4C-

I73AzF is catalytically active towards known native substrates H3K9me3 and H3K36me3. 

KDM4D-L75AzF is catalytically active towards H3K9me3 and not towards H3K36me3, 

demonstrating substrate specificity similar to the native KDM4D. The demethylase activity of 

KDM4C-I73AzF and KDM4D-L75AzF was also tested towards non-native substrates, 

H3K4me3 and H3K27me3 (Figure 26B). Fortunately, the substrate specificity remains intact. 

KDM4C-D active mutants were then subjected to the click assay to validate azide competence. 

Both I73AzF and L75AzF showed intense signals prior to UV exposure and a loss of signal 

with 30 minutes of 365 nm light treatment confirming the preservation and photoinducibility of 

the azidophenylalanine residue (Figure 26C).  

KDM4C and KDM4D AzF mutants were then screened for photo-induced crosslinking 

to TAMRA-H3K9me3 peptide. The conditions optimized for KDM4A-I71AzF were 

implemented when performing the crosslinking experiments for I73AzF and L75AzF. Both 

KDM4C-I73AzF and KDM4D-L75AzF provided intense crosslinking signals when exposed to 

40 minutes of 365 nm UV light (Figure 26D). The biochemical investigation of the KDM4A,-C, 
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and -D photo-crosslinkable mutants has been performed using known KDM4 substrate Histone 

H3 peptide.  

 

Figure 26: Generating Photo-Crosslinkable KDM4C and KDM4D. 

A) Amino Acid sequence alignment showing the conservation of the corresponding isoleucing 71 (highlighted in 

red) in across KDM4 members. B) Heat map diagram showing the demethylase activity of the KDM4C and 

KDM4D UAA mutants towards H3K4me3, H3K9me3, H3K27me3, H3K36me3. C) Copper catalyzed click in-gel 

fluorescence image for KDM4C-I73AzF and KDM4D-L75AzF. Coomassie image below shows that the KDM4 

protein is present in all samples. D) In-gel fluorescence of KDM4C-I73AzF and KDM4D-L75AzF crosslinked to 

TAMRA-H3K9me3. Coomassie stained enzyme below.  

3.3.5 Crosslinking Full Length Histones 

Because the native substrate is full length histones, HEK293T histones were extracted and used 

in the crosslinking assay. KDM4A-I71AzF successfully crosslinks to mammalian histone H3 

(Figure 27). Ultimately, the goal is to identify KDM4 enzymatic substrates. An important 

consideration when developing this system, is that the KDM4-AzF mutants identified as photo-
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inducible are catalytically active and will effectively reduce the substrate concentration, 

subsequently decreasing the probability of capturing non-histone proteins through this method. 

The affinity of non-methylated and mono-methylated H3K9 is dramatically reduced compared 

to H3K9me2/3 for KDM4s. This fact makes it essential for the crosslinking to occur before the 

enzyme can remove the methyl groups. To facilitate this strategic method, 2-KG competitive 

inhibitors – IOX1 and NOG, were incubated with KDM4A-I71AzF and then the enzyme was 

subjected to crosslinking towards HEK293T extracted histones (Figure 27A). Upon the addition 

of the inhibitors, the crosslinking signal increased providing additional insights and precautions 

for future live cell photo-crosslinking experiments. Crosslinking to the histones extracted from 

HEK293T cells shows that I71AzF can identify and crosslink to full length histone H3 in a 

mixture, but the experiment did not resolve which methylated species it crosslinked to. The 

activity assays previously performed show that the enzymatic specificity is conserved in the 

mutants, but this does not necessarily mean that binding is not occurring and if the non-

enzymatic histone peptide substrate is bound within the catalytic domain, there is a chance of 

crosslinking. To determine if the KDM4A,-C, and –D AzF mutants crosslink non-specifically, 

histone H3 methyl lysine analogues (H3 MLAs) were generated and screened for crosslinking. 

H3 MLAs are histone derivatives where cysteine residues replace specific amino acid residues 

of choice allowing for alkylation chemistry to be performed so that modifications of interest can 

be site specifically placed. To generate H3 MLAs, full length histone H3 was mutated at K4, 

K9, K27, or K36 to incorporate a cysteine residue (K4C, K9C, K27C, K36C). Following 

mutagenesis, the histones were bacterially expressed, purified, modified to mimic a 

trimethylated lysine residue through established alkylation chemistry, and verified via LCMS 

(Figure 27B). These histones were subsequently utilized for photo-crosslinking experiments 
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with KDM4A-I71AzF, KDM4C-I73AzF, and KDM4D-L75AzF. All mutants crosslinked to 

H3K9Cme3 and H3K36Cme3 following UV exposure and did not crosslink H3K4Cme3. 

Interestingly, All mutants crosslinking H3K27Cme3, which has recently been shown to bind 

KDM4s and potentially be an enzymatic substrate of this protein family, but that has yet to be 

validated (Figure 27C). This experiment does show that there may be some level of promiscuity 

for the crosslinking events, suggesting that there may be potential false positives in the non-

histone substrate investigation. Another reason for the nonspecific crosslinking occurring in this 

experiment could be that these are isolated systems where there is only one histone species 

available for the enzyme to bind to. Crosslinking may be more specific in full cell lysates or in 

live cells because the higher affinity proteins will bind and outcompete the non-enzymatic 

substrates with lower affinity for KDM4 proteins.   
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Figure 27: Crosslinking Full Length Histones. 

A) Western blot of I71AzF crosslinked to histone H3 extracted from HEK293T cells using anti-Histone H3 

antibody. Crosslinking experiments were performed under different conditions including with and without 

inhibitor. The bottom red arrow indicated free-non-crosslinked histone H3. The top red arrow is designating where 

the crosslinked species is shown. B) Top - cartoon depicting the generation of Histone methyl lysine analogues. 

Bottom – LCMS spectrum showing the conversion from H3K9C to H3K9Cme3. C) Western blot of KDM4A-

I71AzF, KDM4C-I73AzF, and KDM4D-L75AzF crosslinked to Histone H3 MLAs – K4Cme3, K9Cme3, 

K27Cme3 and K36Cme3. Western blotting was performed with anti-strep tag antibody to detect the N-terminal 

strep tag (WSHPQFEK) located on the enzyme and with anti-H3 antibody to detect high molecular weight bands 

for H3. Each sample had a negative control where the sample was not exposed to UV light.  
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3.3.6 Crosslinking in Mammalian Cell lysates 

With robust data supporting photo-induced crosslinking for three KDM4 members, the system 

was tested in HEK293T whole cell lysates. HEK293T cells were hypermethylated on KDM4 

substrates by treatment with n-octyl-IOX1 to increase the abundance of substrates to be 

captured. Whole cell lysates were incubated with KDM4-AzF catalytic domain which contains 

an N-terminal unique peptide tag known as the Strep tag (WSHPQFEK). The strep tag allows 

for high affinity pull down using strep-tactin resin. This system has been shown to dramatically 

increase protein capture yield and reduce non-specific binding compared to other affinity pull 

down systems. Following exposure to 365 nm UV light to induce crosslinking, the KDM4-AzF 

free protein and crosslinked complexes were pulled down using streptactin resin and analyzed 

via western blotting and coomassie staining (Figure 28A). To confirm that the crosslinking is 

actually taking place, immunoblotting was performed with Histone H3 antibody (Anti-H3) 

because it is a known substrate for KDM4 proteins. KDM4A-I71AzF and KDM4D-L75AzF 

samples showed high molecular weight bands using the anti-H3 antibody in samples exposed to 

UV light, but not in samples that did not have UV light treatment, providing evidence that 

crosslinking occurred (Figure 28B). The samples were immunoblotted with Strep-tag antibodies 

(Anti-strep) to observe any signals above the molecular weight of the KDM4-AzF protein (>44 

kDa), which would suggest crosslinking to several proteins. Several unique signals were 

observed in the UV light exposed sample for KDM4A-I71AzF compared to the corresponding 

sample that was not exposed to 365 nm light. KDM4D-L75AzF samples do show unique 

signals in the UV exposed lysates, but there are not as many high molecular weight bands 

compared to that in the KDM4A-I75AzF samples (Figure 28B middle). Following the detection 

of crosslinked band via western blotting, the samples were analyzed by coomassie staining. 
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Both KDM4A-I71AzF and KDM4D-L75AzF stained gels recapitulated the western blot 

analysis. With further analysis of the stained gel images, additional high molecular weight 

bands become apparent in each of the mutant samples exposed to UV light (Figure 28B right). 

Although there is apparent evidence of non-histone substrate crosslinking for KDM4A-I71AzF, 

it is less obvious for the KDM4D-L75AzF sample. This may be due to several reasons. 

KDM4D may have fewer non-histone protein substrates in general, the substrates for KDM4D 

may not be as abundant in these lysates or may be highly context dependent and require specific 

scaffolding proteins, and/or the crosslinking conditions need to be optimized in an enzyme 

unique fashion. For instance the strep-tag may become inaccessible for pull down or detection 

when KDM4D is crosslinked to certain protein substrates. Likely, all of these possibilities play 

a role in the reduced number of signals observed.  
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Figure 28: Crosslinking Mammalian Cell Lysates. 

A) Cartoon depicting photo-induced crosslinking in HEK293T cell lysates. B) Western blots showing crosslinked 

bands in HEK293T lysates for KDM4A-I71AzF (top) and KDM4D-L75AzF (bottom) using anti-H3 antibody (left) 

and anti-strep tag antibody (middle). Coomassie stained SDS-PAGE for crosslinking detection (right) for KDM4A-

I71AzF (top) and KDM4D-L75 (bottom).  
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4.0  CONCLUSIONS 

There are over 30 JmjC domain-containing enzymes that are involved in regulating cellular 

function and identity through their post-translational modification functions. All JmjC domain-

containing enzymes utilize metabolite 2-KG to demethylate lysine residues from proteins. This 

cofactor redundancy makes it difficult to selectively activate or inhibit these enzymes 

independently with small molecules. Because there are so many members with the same 

mechanism, functional redundancy prohibits unbiased and clear functional elucidation through 

classical genetic techniques. The number of proteins that get methylated on their lysine residues 

is massive and it is well understood that lysine methylation is a transient chemical mark 

regulated by KMTs and KDMs. Nucleosomal histone proteins are of great importance in 

chromatin organization and are methylated to induce changes in chromatin state and therefore 

gene expression. It is critical to understand each individual KDMs catalytic role in healthy and 

diseased cells for improved cancer therapeutic intervention, but the current tools are not fully 

competent to achieve this.  

 This body of work is the first to provide an orthogonal demethylase activation system 

for KDM4. Additionally, a gatekeeper residue may have been identified, providing a framework 

to develop this system for additional JmjC domain-containing enzymes. Future directions will 

include analytical assessment of cell permeability of the 2-KG analogues, observing gene 

expression changes upon the implementation of the engineered pairs for KDM4A-D in both 
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healthy and diseased cells, and generating similar systems for additional KDMs to compare 

gene expression regulatory roles.  

Another approach to elucidating the roles of each KDM is through inhibition. An 

orthogonal KDM4-NOG system has successfully been developed with high potency in vitro. 

This engineered system will act as a highly complementary tool to the bump hole activation 

system generated by providing an ‘ON and OFF’ switch. This tool needs to be further 

developed and generalized among additional KDMs. Cell permeable derivatives of the 

inhibitors need to be designed and tested. In addition, this system needs to be tested in live 

mammalian cells. To maximize the potential of this system, the inhibitors could be photo-caged 

to increase temporal and regional control. Nonetheless, the bump-hole activation and inhibition 

show great promise for future experiments to investigate the independent roles of KDMs. 

KDMs likely have non-histone protein substrates, but none have been identified in live 

cells. Several ChIP studies provide data on localization and potential interacting partners, but 

this method does not indicate if the associated protein partner is necessarily an enzyme 

substrate. To improve this resolution to get information on which proteins are catalytic targets 

of KDM4s, the incorporation of an unnatural amino acid with covalent crosslinking capabilities 

is an attractive approach. Here, photo-inducible crosslinking KDM4A, KDM4C, and KDM4D 

mutants have been generated, biochemically characterized, screened for crosslinking and tested 

in physiologically relevant environments. The data generated here suggest that several high 

molecular weight proteins crosslink to KDM4s following UV exposure, encouraging the pursuit 

of proteomics analysis to identify these proteins. Future experiments with this system include 

implementing this in live cells and organisms to elucidate substrates in various cellular 

environments and during different stages of development. The engineered system can also be 
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improved by utilizing a different unnatural amino acid for increased crosslinking efficiency and 

higher stability. Additionally, the crosslinking system for KDM4B needs to be optimized 

further. KDM4B-UAA mutants did not successfully express which may be due to protein 

instability or poor vector choice. Lastly, crosslinking to nucleosomal histones and full 

nucleosome pull down should be pursued to identify genomic catalytic sites.  

In summary, three chemical biology tools have been developed for the KDM4 subfamily 

and the potential for expansion and application to additional KDMs is high. This will allow for 

the roles of epigenetic modifiers to be identified and compared to one another in various 

environments. These tools have potentially high public health impact as there are an abundance 

of KDMs implicated in diverse pathological phenotypes where their mechanistic nature and 

cellular pathway involvement has not been fully unmasked. The three tools developed here may 

aid in the strategic design of therapeutic approaches for neurological and cardiac diseases as 

well as numerous cancers. Additionally, these tools may be able to identify diagnostic and 

prognostic biomarkers for various disorders depending on the results of each protein. 



 97 

APPENDIX: ABBREVIATIONS 

2-HG: 2-Hydroxyglutarate 

2-KG: (2)-Ketoglutarate (also referred to as 2-OG = 2-oxoglutarate) 

5CaC: 5-Carboxycytosine 

5fC: 5-formylcytosine 

5hmC: 5-hemimethylcytosine 

5mC: 5-methylcytosine 

6CF: 6-Carboxyfluorescein  

ANK: Ankyrin repeat domain 

AP1: Activating Protein 1 

AR: Androgen receptor 

BpF: Benzophenone 

CDK: Cyclin dependent kinase 

ChIP: Chromatin Immunoprecipitation 

CpG: Cytosine-phosphate-Guanine base sequence 

DNMT: DNA methyltransferase 

DTT: dithiothreitol 

ER: Estrogen receptor 

ERG: erythroblast transformation-specific related gene 
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ESC: Embryonic stem cells 

EuHMTase1: Euchromatin Histone methyltransferase 1 protein 

FDH: 10-formyltetrahydrofolate dehydrogenase 

FPLC: Fast protein liquid chromatography 

GLP: G9a like protein 

H2: Histone H2 

H3: Histone H3 

H4: Histone H4 

HAT: Histone acetyltransferases 

HDAC: Histone deacetylase 

HEK293T: Human Embryonic Kidney Cells – 293 Transfection 

HP1: heterochromatin protein 1 

HPLC: High performance liquid chromatography 

IDH: Isocitrate dehydrogenase 

IOX1: 5-carboxy-8-hydroxyquinoline 

IP: Immunoprecipitation 

IPA: Ingenuity Pathway Analysis 

JMJC: Jumonji C domain 

JMJN: Jumonji N domain 

K4, K9, K27, K36: Lysine 4, Lysine 9, Lysine 27, Lysine 36 

kDa: kilodalton 

KDM: Lysine demethylase 

KMT: Lysine methyltransferase 
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LSD: flavin-dependent lysine specific demethylases 

m6A: N6-methyladenosine 

MBD2: Methylated DNA binding domain-containing protein 62 

METTL3: methyltransferase like 3 domain 

MMR: Mismatch repair 

MT: methyltransferase 

NADH: Nicotinamide adenine dinucleotide 

N-CoR: nuclear receptor corepressor 

NGS: Next Generation Sequencing 

NOG: N-oxalylglycine 

PAD: peptidylarginine deiminases 

pAzF or AzF: Azidophenylalanine 

PCNA: proliferating cell nuclear antigen 

PDK: Pyruvate dehydrogenase kinases 

PKMT: Protein lysine methyltransferases 

PMT: Protein methyltransferases 

PRMT: Protein arginine methyltransferases 

PRNP: Prion protein 

PTM: Post translational modification 

qPCR: Quantitative polymerase chain reaction 

RNF: Ring finger protein 

SAM: S-adenosylmethionine- binding domain 

SCF: Skp, Cullin, F-box containing complex 
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SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SET: Su (var), enhancer of zeste, trithorax domain 

TAMRA: Tetramethylrhodamine 

TET: human ten-eleven-translocation domain 

TRAIL: Tumor Necrosis Factor Related Apoptosis Inducing Ligand  

UAA: Unnatural amino acid 

YAP1: Yes-associated protein 1 
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