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ABSTRACT 

 Post-translational modifications (PTMs) are important tasks given to enzymes that are 

responsible for adding specific moieties onto proteins and have been dubbed as writers in the 

epigenetic code. Of the modifications, lysine acetylation is a common and vital modification that 

regulates many processes that occur in the cell. Histone acetyltransferases (HATs) are writers 

whose canonical function is to transfer the acetyl moiety from acetyl CoA to the ɛ-amino group 

of lysine residues.  This modification on histone and non-histone proteins has also been linked to 

a number of diseases. Despite the many efforts to discover HAT inhibitors, currently, there are 

no FDA (Food and Drug Administration) approved drugs that target this type of enzyme. To aid 

in the discovery of drugs, that target HATs, the goal of this work is to investigate new assays and 

catalytic functions of HATs. More specifically, the focus will be on HAT1 because this enzyme 

has been associated with various devastating diseases such as cardiovascular disease and cancer; 

however, it is poorly studied in comparison to the other HATs. This work will aim to develop a 

biochemical assay that can detect HAT activity and is compatible with high throughput 

screening, as well as fill in the gap in knowledge about novel cofactors and substrates of HAT1. 

Results show that the developed scintillation proximity assay (SPA) is efficient and suitable to 



detect HAT activity for inhibition screenings. Using the SPA, a potent inhibitor was identified 

for HAT1 that was competitive towards both substrate and cofactor. To expand our 

understanding of HAT1 activity, a novel crotonylation activity was also discovered to occur on 

and by this enzyme. Lastly, as a proof of concept, we showed that a rationally designed 

biorthogonal probe was able to label substrates of HAT1. Overall, this study was able to enhance 

our understanding of HAT1 activity and aided in the future development of therapeutics that 

target this enzyme. 
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CHAPTER 1 

INTRODUCTION  

1.1 Modifications to histones and its impact on biological functions  

Eukaryotic organisms organize DNA to chromatin structures using a compaction system 

involving highly basic histone proteins. Chromatin is made up of repeating units of 

nucleosomes, which consist of 145-147 base pairs of DNA left-handedly wrapped twice around 

the exterior of a histone core octamer.
1
 The nucleosomes are connected through histone H1 to 

form the "beads on the string" construct and aids in the higher compaction of the DNA. The 

histone octamer comprises of two sets of the histone H2A, H2B, H3 and H4. Each core histone 

consists of flanking N -terminal tails which can undergo various post-translational 

modifications (PTMs), such as acetylation, methylation, phosphorylation, ubiquitination, and 

glycosylation, at numerous sites (Figure 1.1).
2
 These PTMs are ways that organisms can react 

to external or internal stimuli. Of the modifications, acetylation is a common as well as 

important modifications found on histone tails and is also linked to several diseases.
3
 
4
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Figure 1.1: Open chromatin, in which genes are easily accessible for transcription. 

Nucleosome with DNA strand (orange) wrapped twice around a histone octamer with N-

terminal tails containing post translational modifications (squares, triangle, circles indicate 

PTMs).  

 

Different enzymes mediate the various post-translational modifications. The acetylation 

modification to histone proteins by Histone acetyltransferases (HATs) was discovered by 

Allfrey et.al in 1964.
5
 HAT enzymes transfer the acetyl group from acetyl-coenzymeA (Ac-

CoA) to the ɛ-amino group of lysine residues on histone and non-histone proteins (Figure 1.2). 

The removal of the acetyl group on lysine is done by histone deacetylase (HDACs). Sternglanz 

et al. identified the first histone acetyltransferase,HAT1, in 1995 through an in vitro screening 

of 250 mutant strains of budding yeast.
6
 One mutant strain from the screening showed a 40% 

reduction in acetyltransferase activity in comparison to the wildtype. The gene was identified 

and cloned then later expressed in E. coli. HAT1 extracts from the E. coli expression 

demonstrated elevated levels of acetyltransferase activity, thus validating the identified gene 

and the intrinsic HAT1 function. Since the discovery of HAT 1, there has been an extensive 
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increase in the field study of HATs resulting in the identification of other HAT members and 

their function. For example, in 1996, Allis et al. showed that histone acetylation by HAT 

enzymes played a role in gene activation.
7
 Since those initial discoveries, there have been more 

findings of histone acetylation by various HATs and its involvement in cellular activities such 

as cell signaling, cell proliferation, DNA repair, DNA replication, chromatin maturation and 

dynamics, nucleosome assembly, gene transcription, and gene silencing.
8-12

 There have also 

been numerous efforts to investigate these enzymes to better understand their role in cells, 

diseases, and a as a therapeutic target.
4
 

 

Figure 1.2: The canonical function of HATs. HATs acetylate histone and non-histone proteins 

by transferring the acetyl group from Ac-CoA to ɛ-amino group of lysine residues. Through 

HDACs, acetyl groups are removed from lysine residues 

 

1.2 Histone acetyltransferases (HATs) 

HATs are categorized into type A and type B based on the localization and function of 

the enzymes in the cell.
13

 Type A HATs are localized in the nucleus and catalyze the acetylation 

reaction in events relating to transcription, however, type B HATs have been found in both the 

nucleus and cytoplasm and typically only acetylate newly synthesized histones that are not yet 
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part of a nucleosome.
14

 HATs are divided into three major families based on their homology 

and acetylation mechanisms.
15

 The Gcn5-related N-acetyltransferases (GNAT) family include 

members such as PCAF (p300/CBP associated factor), GCN5 (general control nonderepressible 

5) and HAT1 (histone acetyltransferase 1) which have similarity to GCN5 and composed of 

several conserved domains.
16-17

 Enzymes like GCN5 and PCAF in this family also have a 

bromodomain that bind to acetylated modifications. Likewise, CBP and p300 have a 

bromodomain, however, are in the p300/CBP family.
18

 The MYST family named after its 

founding members human MOZ (monocytic leukemia zinc finger), yeast YBF2/SAS3, yeast 

SAS2, and human TIP60 (HIV Tat-interacting 60kDa protein) is known for having a conserved 

MYST domain which includes an acetyl-CoA binding motif and a zinc finger.
19

 In addition to 

those domains, MYST enzyme TIP60 and MOF also have a chromodomain that binds to 

methylated lysine residues while MOZ and MORF have a PhD (plant homeodomain-linked) 

domain that binds to sequence specific methylated lysine and arginine as well as acetylated 

lysine residues.
20-21

 The other three MYST enzymes found in human are MOF (males absent on 

the first), HBO1 ( histone acetyltransferase binding to ORC), and MORF (monocytic leukemia 

zinc finger protein-related factor).
18

 GNAT, p300/CBP, and MYST are the canonical HAT 

families and all of the HATs listed are type A HATs while HAT1 is a type B HAT (Figure 

1.3).
22
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Figure 1.3: Functional domains of canonical human HAT families. 

 

1.3 HAT1 localization and function 

HAT1 is an evolutionary conserved enzyme from yeast to humans and is considered a 

type B HAT.
23-24

 It is localized in both the cytoplasm and nucleus. In the cytoplasm HAT1 is 

known to acetylate newly synthesized histone H4 at the evolutionary conserved lysine 5 and 12, 

H2A at lysine 5 and to maintain the acetylation marks on histone H3 at lysine 9, 18, and 27 

during replication-coupled chromatin assembly.
25-27

 The acetylation marks of histone H5 at 

lysine 5 and 12 are evolutionarily conserved, however, its function is unclear and has been 

shown to be nonessential in yeast.
28

 Although HAT1 is conserved from yeast to humans, it may 

be playing a redundant role in chicken cells and yeast because when HAT1 is depleted there is 

not a significant effect in the overall proliferation or viability; however, in mammalian cell 

models and mice models, there is a notable effect that is lethal.
25, 29-30
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In the nucleus HAT1 is involved in forming various complexes. It is a part of a trimeric 

NuB4 complex in yeast models with other members such as HAT2 (a homolog of the humans 

protein RbAp46) which binds to HAT1 and Hif1 (a homolog of the mammalian protein 

NASP).
14, 31

 The chaperone, HAT2, increases HAT1 activity by ~10-fold and Hif1is a histone 

H3-H4 specific histone chaperone.
32

 Association of HAT1 with the formation of the NuB4 

complex was the first indication that HAT1 had a role in chromatin assembly process.
32

   

Another chaperone that is associated with HAT1 is Asf1 (antisilencing function 1). Asf1 plays a 

role in DNA replication, repair, and transcription through aiding in assembling or disassembling 

of chromatin, and binds to the HAT1 and HAT2 complex by interacting with H3-H4.
14

 

In mammalian cell models, when HAT1 is knocked down the cells were more sensitive 

to DNA-damaging agents. HAT1 is shown to be vital for homologous recombination which 

uses genetic information obtained from an undamaged sister chromatid or chromosomal 

homologue to repair a break, but not non-homologous end joining which directly ligates DNA 

ends. When there is a DNA double-strand break, the role of HAT1 in the repair response is 

enriching H4K5/K12-acetylated H3.3 at the site by forming a complex with the chaperone, 

HIRA, to aid in histone turnover. This process marks the damaged area which then allows the 

repair factors, RAD51and RAD 50,which interact with HAT1 to start the homologous 

recombination (HR) repair process.
33

   

1.4 HAT1 structure  

Human HAT1 is a member of the GNAT superfamily and its crystal structure with a 

resolution of 1.9-Å was solved by Wu et al. The structure illustrates HAT1 binding to both 

histone H4 1-20 amino acid peptide (H4-20) and AcCoA (AcCoA consist of an adenine and 

ribose ring as well as a pyrophosphate, pantotheine, and acetyl group). Structure analysis 
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demonstrate that this elongated enzyme has three domains consisting of an N-terminal domain 

(residues 23-136), central or GNAT domain (residues 137-270), and the C-terminal domain 

(residues 271-341).
34

  

The AcCoA binding site lies in a canyon formed from the central and the C-terminal 

domains, and for the cofactor to fit properly in the active site a kink must be formed in the 

pantotheine arm (Figure 1.4 (AcCoA in purple)). The pantotheine moiety is stabilized through 

hydrogen bonding with Ile243 and van der Waals interaction with the conserved Leu242. The 

adenine and the ribose ring form hydrophobic interaction with Lys284 and stacking interactions 

with Phe288 respectively. Van der Waals interaction with Leu285and hydrophobic interactions 

with residues Gly249, Gly253, Gly251 and Ala254are formed with the pyrophosphate group. 

Stabilization of the acetyl moiety is done through hydrophobic interaction with residues Ile186, 

Pro278 and Tyr282. This allows the carbonyl carbon of the acetyl moiety to be placed with a 

distance of ~4.3 Å to the ɛ-amino group of the H4-20 substrate. The substrate binding site lies in 

the N-terminal and the central domain and is heavily negatively charged. Anchoring of the H4-

peptide into the active site is achieved through a network of hydrogen bonding including Arg17 

and Arg19 of the peptide and resides Glu54, Asp62 and Glu64 of HAT1. It is important to note, 

that Glu64 is a conserved residue that plays a critical role in substrate binding specificity (PDB: 

2P0W).
34

  

Fourteen amino acids of H4-20 form interactions with residues in the binding site of 

HAT1 located in the central as well as the N-terminal domains (Figure 1.4 (H4-20 in green)). 

These domains span across the surface of HAT1 and consist of mostly negative charged 

residues. Because these residues are on the surface of HAT1 it has been proposed that HAT1 

can accept larger substrates in that site. Although a majority of the substrate binds on the 
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surface, a notable structure of HAT1 is a 5-6Å wide opening that was observed to only allow 

the insertion of two residues (Gly11 and Lys12). The opening eventually gets narrower and the 

conserved residue Glu276 of HAT1enhances specifically by interacting with Lys12 and only 

letting it pass through. For acetylation to occur, both Glu187 and Glu276 act as a general base 

while Asp277 deprotonates Lys12 for the nucleophilic attack on AcCoA. 
34

  

 

 

Figure 1.4: Crystal structure of HAT1 (PDB: 2P0W). Histone H4 (1-20) peptide is depicted 

in green and AcCoA is depicted in purple.  

 

1.5 HAT1 link to diseases  

Cancer formation and progression can occur due to the dysregulation of post 

transcriptional modifying proteins that are responsible for gene transcription, cell 

differentiation, proliferation and apoptosis. HAT1 has not only been linked to various diseases 
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such as cardiovascular diseases, colorectal cancer, liver cancer and lung cancer but also in the 

regulation of the immune response.
26, 35-36

 In some instances, it is not only the aberrant 

expression of HAT1 but also its localization that can aid in the disease progression. These 

diseases have no cure or have poor treatment regimens therefore these studies demonstrate the 

role of HAT1 and how it can be a potential target in the design of better therapeutic agents as 

well as a biomarker. 

HAT1 plays a role in cardiovascular disease by regulating the excessive cholesterol 

accumulation in macrophages. ATB-binding cassette transporter A1 (ABCA1) maintains the 

cellular cholesterol homeostasis by mediating the formation of high density lipoprotein to 

inhibit the development of atherosclerosis. Authors were able to show that mRNA and protein 

expression of ABCA1 was promoted by HAT1; and that atherosclerosis production was 

stimulated due to miR-486 targeting 3' UTR of HAT1, which resulted in a decrease in histone 

acetylation which caused the repression of ABCA1- mediated cholesterol efflux.
37

  

Besides atherosclerosis, HAT1 acetyltransferase activity can modulate the NF-ĸB 

response by acetylating the transcription factor, promyelocytic leukemia zinc finger protein 

(PLZF). Part of regulating diseases is regulating the inflammation during the innate immune 

response. After HAT1 becomes activated through phosphorylation at S361 by CaMK2 from 

Toll-like or tumor necrosis factor receptors signaling, it can then acetylate the transcriptional 

regulator, PLZF at K277. Acetylated PLZF then forms a complex with HDAC3 and NF-ĸB p50 

which can then negatively regulate NF-ĸB-mediated transactivation and represses the 

inflammatory response. The activation of PLZF-HDAC3- NF-ĸB by HAT1 repress the 

inflammatory response and limits the endotoxic shock and thus the mortality of mice.
38
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HAT1 has also been shown to be overexpressed at the mRNA level as well as the 

protein level in colorectal cancer and esophageal carcinoma.
39-40

 Seiden-Long et al. studied the 

transcriptional changes that occurred due to Ki-ras oncogene and HGF/Met signaling in colon 

cancer. HAT1 was among the transcripts identified in the microarray, and the in vitro and in 

vivo expression profiling showed significant HAT1 gene expression changes. Tissue array 

immunohistochemistry of normal colonic mucosa, primary colorectal carcinoma, and metastatic 

tumors showed the increased expression of HAT1 in tumors to be more diffused throughout the 

tissue. When comparing the distribution of HAT1, it was found that in normal tissues HAT1 

was more localized in the nucleus at the crypt base; however, in primary and metastatic tumors 

there was a drastic increase in cytoplasmic HAT1.
39

 HAT1 was identified as being involved in 

esophageal carcinoma through RNAi screening. It was found that the mRNA expression level of 

HAT1 was statistically higher in the primary adjacent and tumor tissues than in normal 

esophageal tissues. Knockdown studies of HAT1 demonstrated a significant decrease in Eca-

109 cell (epithelial cell line of human esophageal carcinoma) viability by 39% and that there 

was an induction of G2/M cell cycle arrest leading to growth inhibition. Immunohistochemistry 

of 167 esophageal carcinoma tissue samples showed that high expression of HAT1 mainly in 

the nucleus and that it was significantly correlated with reduced tumor differentiation.
40

 

Lacking certain dietary supplements has been correlated with the induction of liver 

tumor formation in male rats.
41

 Liver tumors also showed a significantly higher expression of 

HAT1 than the control liver tissue. This observation was noticed in a study looking at 

alterations in histone modification during methyl deficient metabolic stress. It was also 

observed that there was a decrease in HAT1 expression during methyl deprivation periods.
41
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The cooperativity between modifications is a topic that should be investigated and may provide 

an explanation as to why there is a change in HAT1 levels. 

More recently, HAT1 has been shown to be overexpressed in samples from patients with 

hepatocellular carcinoma at both the mRNA and protein levels. In investigating hepatocellular 

carcinoma samples, it was determined that HAT1 has a role in cell growth and regulation of 

glucose metabolism because a knockdown of HAT1 caused a decrease in cell growth and 

glucose consumption. It was also suggested that in liver cancer HAT1 might act as an oncogenic 

protein due to its role in treatment resistance, preventing apoptosis, as well as promoting cell 

proliferation in vitro and in vivo.
35

  

1.6 Assays to detect HAT activity in a high throughput fashion   

Many diseases affecting millions of lives have been correlated to abnormal HATs 

activity. As stated before HATs act as oncogenes through chromosomal translocation mutations, 

deregulation, or overexpression.
42

 The diseases linked to HATs often have a poor prognosis and 

lack treatment options. Drugs targeting the HAT opposing enzyme, HDAC, have been approved 

for clinical trials as well as for human use.
43

 Thus, showing the therapeutic benefits of targeting 

enzymes involved in epigenetic modifications. The quest to find HAT inhibitors has not led to 

any approved therapeutics due to undesired pharmacokinetic properties, lack of selectivity, or 

potency.
44-45

 In this drug development effort, a reliable, robust and cost-efficient biochemical 

method that can screen numerous HAT inhibitor compounds is critically needed. Methods 

currently used to detect HAT activity in a high throughput manner fall into two major 

categories: radiometric and fluorescence.  

The radioactive filter binding assay can be considered the gold standard because of its 

higher sensitivity over the other methods.
46-47

 It is not as time-consuming as the fluorography 
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assay which requires mixture separation by gel electrophoresis and radiographic film 

development. This assay switched from using individual filter binding papers to filters papers in 

a 96-well plate format, which aided in the slight decrease of radioactive waste. Despite these 

amenable attributes, the primary limitation for the filter binding assay is the requirement of the 

repeated washing and drying steps which is not only time-consuming but also causes more 

accumulation of radioactive wastes over other methods.
48

 This technical hindrance also poses a 

significant challenge for this method to be used in a high-throughput format however this 

method is worth mentioning because of its gold standard status. 

A radiometric assay that is suitable for high throughput screening was designed by 

Turlais et al. The flash plate assay detects HAT activity by utilizing radioactive isotopes and a 

solid scintillant coated 96-well plate. When the scintillant is in close proximity of the tritium 

labeled substrate the scintillant is excited and will emit light for detection. For this assay, the 

enzyme, tritium labeled Ac-CoA, and histone are reacted in the well and to quench the reaction 

excess buffer is added to dilute the reaction. Antibodies were used in their original design to 

attach the histone protein to the plate surface; however, it was discovered that the histones have 

an intrinsic ability to bind to the wells and excite the scintillant.
49

 Although this assay has 

potential to be an effective high throughput assay, the homogeneity of the reaction mixture is 

questioned due to the intrinsic ability of the histone protein to bind to the well surface (Figure 

1.5A). 

Using radioactive assays provides more extensive background to noise ratio; however, 

the waste generated is not environmentally friendly. An alternative is the use of fluorescence 

probes incorporated into the assay. When HAT enzymes transfer the acetyl group from Ac-CoA 

to the lysine residue CoA is released as a byproduct. Probes such as -diethylamino-3-(4'-
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maleimidylphenyl)-4-methylcoumarin (CPM) can then be used to measure the amount of 

byproduct produced.
50

 Upon reacting with the thiol group on CoA, CPM gives off a strong 

fluorescence which can be detected at an excitation and emission wavelength of 382 nm and 

482 nm respectively. This assay is robust and can be used in a microplate format thus allowing 

the use of high throughput automation. Limitations include the CPM interacting with thiol 

groups; therefore, this assay should be avoided it the tested molecules have a free thiol or if the 

reaction conditions contain reagents such as dithiothreitol. Also, the testing of fluorescent 

inhibitor compound should be cautioned because it can result in false data (Figure 1.5B).
51

 

The previous two methods discussed require recombinant protein as the enzyme source; 

however, the cell-based ELISA provides a high throughput assay utilizing various cell lines. 

Tumor cells lines are incubated with the compound in a 96 well format. Then, the cells are fixed 

to the well and after various washing and blocking steps; the primary antibody followed by the 

europium-labeled secondary antibody is added. After the addition of the enhancement solution, 

the fluorescence is measured at 615 nm. The reported coefficient of variation for the 

reproducibility of this assay is between 10-15%. Other colorimetric and chemiluminescent 

reagents can also be used; however, DELFIA (dissociation-enhanced lanthanide fluorescence 

immunoassay) was used in the study and was noted to be a sensitive and robust reagent. 

Disadvantages of this assay include many washing steps which can hinder HTS by decreasing 

efficiency, as well as the use of antibodies that can vary from batch to batch and have non-

specific binding (Figure 1.5C).
48
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Figure 1.5: Biochemical assays to detect HAT activity. A) Radiometric assay; B) CPM assay; 

C) Cell-based ELISA 

 

1.7 Inhibitors of HATs  

In the above section, a few diseases linked to HAT enzymes were discussed, however, in 

actuality the list of diseases correlated to HATs is far greater.
42

 HDAC, the opposing enzyme to 

HATs, has had remarkable success in inhibitor discovery. The therapeutics drugs targeting 

HDACs, Vorinostat, and Romidepsin, have surpassed clinical trials and are approved for human 

use in cutaneous and peripheral T-cell lymphoma.
52

 These drugs provide a proof of concept on 

targeting epigenetic proteins as a practical approach to treat diseases. It is also thought that since 

acetylation is a reversible event that targeting it could result in lower toxicity.
53

 Many groups 

have identified potent HAT inhibitors using approaches like rational design, small molecule 
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high-throughput screening, and plant extract screening. The HAT inhibitors identified fall into 

three major categories: CoA bisubstrate inhibitors, natural product, and small molecules.  

Bisubstrate inhibitors were the designed to mimic the ternary complex formation that 

occurs upon the binding of the histone substrate and cofactor to the enzyme. The peptides 

varying in length can cause a difference in potency. H3-20-K14CoA imitates the first twenty 

amino acids on the amino terminus of H3 with the addition of CoA on lysine 14. The IC50 of 

this inhibitor for PCAF is reported to be 0.3 µM and highest potency was observed with 

peptides lengths greater than 12 but less than 20 amino acids.
54

 Kinetics of this inhibitor for 

PCAF revealed that it was a competitive and noncompetitive inhibitor against Ac-CoA and H3-

20 respectively.
54

 H4-20-K16CoA had CoA was conjugated to lysine 16 and was an inhibitor 

that targeted TIP60 and its yeast orthologue Esa1. IC50 of this inhibitor for TIP60 and Esa1 was 

17.3 µM and 5.5 µM respectively.
55

 Similar to H3-20-K14CoA, this inhibitor is a competitive 

for AcCoA and noncompetitive against H4-20 peptide. The smaller bisubstrate inhibitor, lys-

CoA, with an IC50 of 0.5 µM and was found to be a selective inhibitor for p300 over PCAF.
56

  

The acetyl transfer mechanism of p300 explains why it does not interact with the long 

peptide inhibitor, H3-20-CoA, and why Lys CoA is a 20-fold better inhibitor for this enzyme. 

Theorell-Chance catalytic mechanism is the acetyl transfer mechanism of p300. This 

mechanism does not require a stable ternary complex formation; therefore, when the peptide 

weakly binds to the enzyme after Ac-CoA has bound the lysine will react with the acetyl group 

then quickly leaves. On the other hand, H3-20-CoA was found to be a potent and selective 

inhibitor for PCAF (IC50: 28 nM), and it is because this enzyme tends to form stable complexes 

thus it will arrange higher affinity interaction with the substrate (Figure1.6).
57
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Despite the potency of these inhibitors for their respective HAT enzyme, 

pharmacokinetic properties such as poor cell permeability and metabolically instability prevent 

these bisubstrate inhibitors from being potential therapeutics.
58

 Efforts have been made to 

eliminate the negatively charged phosphates in the CoA moiety but the results show a 

significant decrease in inhibition potency.
59

 Removal of the 3’phosphate group of Lys-CoA 

resulted in the inhibitor 3’dephospho-Lys-CoA which increased the IC50 by 33-fold to 1.6 µM.
59

 

Further reduction of the CoA moiety leaving just the cysteamine-beta-alanine portion enhanced 

sensitization to chemotherapy and cellular uptake presumably by the polyamine transporter.
60

  

Natural products have also been screened and explored as HAT inhibitors. Anacardic 

acid extracted from the shell liquid of a cashew nut was the first natural product inhibitor for 

p300. It inhibited p300 and PCAF activity with IC50 values of 8.5 µM and 5 µM respectfully, 

and was found to be a p300 noncompetitive inhibitor against Ac-CoA.
61

 The limitations for 

anacardic acid as a potential therapeutic is that it has poor specificity as well as cell 

permeability. Garcinol, a polyisoprenylated benzophenone derivative, is isolated from the 

Garcinia indica fruit rind. It has known antioxidant properties and anticancer activity because in 

the presence of garcinol proto-oncogenes are down-regulated. On the downside Garcinol is not 

specific because it can inhibit both p300 (IC50  ≈ 7 µM) and PCAF (IC50  ≈ 5 µM) with similar 

potencies.
62

 This inhibitor also has poor cell permeable capabilities. Curcumin, the yellow 

pigmented turmeric spice is from the root of Curcuma longa L. It has been reported that 

curcumin has other pharmacological effects such as anti-tumor, anti-inflammatory, and anti-

infectious activities.
63

 Of the HAT enzymes, this inhibitor is specific for p300/CBP with an IC50 

of 25 µM and is cell permeable.
64

 Curcumin can conjugate to p300/CBP due to the two Michael 

acceptor functionalities in its structure, and based on kinetic studies this inhibitor binds in an 
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allosteric site and not in either substrate or cofactor pocket.
64-65

 Although curcumin has 

specificity for a certain HAT enzyme it can still bind to other targets like DNA 

methyltransferase 1 and HDAC making its target in disease models unknown.
66

 Overall, 

anacardic acid, garcinol and curcumin have limitations such as being moderately potent and 

lacking selectivity. Despite these limitations, these inhibitors can be used as templates to 

synthesize inhibitors based off of its specific HAT activity modulation properties.
67

 From these 

natural products analog derivatives have been synthesized with the goal of improving 

selectivity, inhibition potency, and cell permeability properties (Figure 1.6).
66

  

Small molecules are another class of compounds to classify HAT inhibitors. The 

discovery of small molecules as HAT inhibitors emerge from the screening of large compound 

libraries. Isothiazolones have biological functions such as antibacterial and antiparasitic 

properties. In addition to those properties, isothiazolones and its derivatives were detected as 

HAT inhibitors through virtual screening as well as biochemical inhibitor assays.
68

 The 

optimization of these small molecules led to IC50 values in the low micromolar range for PCAF 

(IC50 1 µM) and p300 (IC50 0.5 µM); however, the mechanism of inhibition was through 

covalent interaction. It was determined that the S-N bond reacted with the thiol of the cysteine 

in the active site resulting in low micromolar inhibition.
68

 A decrease in the general 

bioreactivity of later optimized pyridoisothiazolones inhibitors was observed in addition to the 

submicromolar inhibition of PCAF and antiproliferative properties in epithelial cell lines.
69

 Of 

the pyridoisothiazolones tested, PU141 specifically targeted CBP and p300, while PU139 

targeted other HATs including GCN5, PCAF, CREB and p300.
70

 Both of these inhibitors were 

more specific for HATs than of other cysteine-containing or dependent enzymes.
70

 Although 

these inhibitors cause histone hypoacetylation, optimization is still required to enhance potency, 
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pharmacokinetic properties and selectivity among the HATs. NU9056 is an isothiazole that was 

discovered to be a TIP60 specific inhibitor with an IC50 of 2 µM. When tested with other HATs 

the selectivity for TIP60 was 16.5, 29 and >50 fold greater than for PCAF, p300 and GCN5 

respectfully. In addition to decreasing the levels of androgen receptor, prostate-specific antigen, 

p53 and p21 protein levels, this small molecule also inhibited the proliferation of prostate 

cancer cells.
71

 The most potent HAT inhibitor specific for p300 is C646 which was discovered 

through in silico screening. C646 is a competitive inhibitor against Ac-CoA and has an IC50 of 

1.6 µM.
72

 When tested among other HATs, such as PCAF, GCN5, and MOZ, C646 was more 

selective for p300. Studies demonstrate the inhibitors ability to induce caspase-dependent 

apoptosis in androgen-dependent and independent prostate cancer cell lines.
73

 The potential of 

C646 as a therapeutic is very high, and animal studies shows this inhibitor is effective when 

locally administered; however, the downside is that it becomes inactivated in serum (Figure 

1.6).
73-74

  

The poor pharmacokinetics of these inhibitors is not the only challenge in the discovery 

of therapeutics targeting HATs. Another issue involves compounds disguising as an inhibitor by 

having Pan Assay INterference compoundS (PAINS) properties. PAINS compounds 

impersonate potential leads and provide false positives by having spontaneous reactions under 

assay conditions through the reactive moiety that can cause covalent modifications or redox 

effects, chelation, autofluorescence, or degradation.
75-76

 Counter-screens have shown that most 

of the reported HAT inhibitors are PAINS.
77

 For example, some of the compounds mentioned 

above such as C646, NU9056 and curcumin went through a biochemical counter screen and 

results showed that they were reactive towards thiols.
77

 This issue has made the efficacy of 
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some of the published HAT inhibitors doubtful; thus, more efforts should be made to identify 

compounds with ideal pharmacokinetic parameters and do not contain PAINS moiety.   

 

Figure 1.6: Selected HAT inhibitors which include natural products, bisubstrate 

inhibitors, and synthetic small molecules. 

 

1.8 Conclusions  

This chapter provided an overview of what is currently known about human HAT1, its 

implications in diseases that make it an important enzyme to investigate and target in drug 

discovery, as well as assays used to detect HAT activity. HAT1 behaves differently in yeast 

than it does in mammalian models; however, studies of HAT1 using mammalian models are 

very scarce. In addition, although HATs have been sought out as potential targets in drug 

discovery, to date there are no FDA approved therapies targeting these enzymes, much less 

HAT1. Here we will discuss some outstanding questions and the challenges that remain in this 

field.  
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To begin, HAT1 is the first HAT to be discovered however it is the most poorly studied 

in comparison to other HATs. More efforts should be made to fill in our gap in knowledge of 

HAT1. Currently, there are no inhibitors that target HAT1. There are assays available to screen 

for HAT inhibitors; however, we believe that the limitations of these assays discussed above 

make them less desirable to utilize. To combat these issues, an assay should be developed that 

addresses these concerns and provides reliable data. Discovering inhibitors that target HAT1 

can be very beneficial because they can also be used as probes to investigate the binding 

mechanism and activity.  

As previously mentioned, HAT1 has been implicated in various diseases; however, our 

understanding of the activity of this enzyme is limited. By expanding our knowledge about its 

activity, function, and mechanism, we can use that information to rationally design inhibitors to 

target HAT1 better. Various proteomics reports on novel PTMs such as crotonylation have 

noted HAT1 in their findings.
78-80

 With HAT1 noted in these studies our outstanding questions 

are 1) What enzyme added the PTM on HAT1; 2) How is the activity of HAT1 affected by the 

addition of the PTM; and 3) Besides acetylation, does HAT1 also possess this novel PTM 

activity. Answers to these questions can enhance our understanding of not only HAT1 but also 

the role that the PTM plays.  

In mammalian models when HAT1 is depleted there were severe implications to growth 

and viability.
25, 33

 Due to these findings, we believe that HAT1 may be playing a more 

important role than what has been reported. To uncover its role, it is crucial to determine if 

HAT1 has any other substrates than the ones reported. Currently, there are only two known non-

histone substrates of HAT1and it is possible that this enzyme possesses more. 
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1.9 The goal of this work  

PTMs are essential for normal growth and development, however, when unregulated, 

can result in devastating and debilitating diseases. To combat these diseases, many laboratories 

have identified inhibitors, which target epigenetic writer enzymes, for therapeutic purpose. 

Unfortunately, HATs are not among the epigenetic enzymes that have FDA (Food and Drug 

Administration) approved therapeutic reagents. More specifically, when focusing on HAT1, 

lacking reports on this enzyme in comparison to other HATs result in huge gaps in knowledge 

on its function. Besides gap in knowledge, HAT1 has been correlated to many detrimental 

diseases such as various cancers and cardiovascular disease. Due to these reasons, it is crucial 

that we investigate HAT1; therefore, the goal of this work is to not only fill in the gaps in 

knowledge but to aid in the discovery of inhibitors targeting this enzyme. To accomplish this 

goal and to have a better comprehension of HAT1 and its functions, assays will be developed to 

enhance the detection of HAT activity, potent and selective inhibitors targeting HAT1 will be 

identified, novel acyl transferase activity will be discovered for, and HAT1biorthogonal probes 

will be rationally designed to aid in the identification of substrates. 
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CHAPTER 2 

EFFECTIVE QUENCHERS ARE REQUIRED TO ELIMINATE THE INTERFERENCE OF 

SUBSTRATE―COFACTOR BINDING IN THE HAT SCINTILLATION PROXIMITY 

ASSAY 
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Abstract 

Histone acetyltransferases (HATs) mediate the transfer of an acetyl group from the 

cofactor, acetyl-CoA, to the side chain amino group of specific lysines in diverse protein 

substrates, most notably nuclear histones. The deregulation of HATs is connected to a number 

of disease states. Reliable and rapid biochemical assays for HATs are critical for understanding 

biological functions of protein acetylation, as well as for screening small-molecule inhibitors of 

HAT enzymes. In this report, we present a scintillation proximity assay (SPA) for the 

measurement of HAT enzymatic activities. The acetyl donor was [
3
H]-Ac-CoA, and a biotin-

modified histone peptide served as the HAT substrate. After the HAT reaction, streptavidin-

coated beads were added to induce proximity of acetylated substrate to the scintillant molecules. 

However, we observed strong nonspecific binding between the cofactor and the histone peptide 

substrates, which adversely complicated the SPA performance. To prevent this problem, a set of 

chemical agents were evaluated to eliminate the cofactor–substrate interaction, thus providing 

reliable SPA readings. With optimization, the SPA showed consistent and robust performance 

for HAT activity measurement and HAT inhibitor evaluation. Overall, this mix-and-measure 

assay does not require any washing procedure, can be utilized in the microplate format, and is 

well suited for high-throughput screening of HAT chemical modulators. 

2.1 Introduction 

Histone acetyltransferases (HATs) transfer the acetyl group from the cofactor, acetyl-

Coenzyme A (, Ac-CoA), to the ɛ- amino group of specific lysines in histones and non-histone 

proteins. HATs are classified into several main families which include GCN5/PCAF, MYST, 

and CBP/p300.
17

 Studies have shown that theses enzymes play critical roles in the regulation of 

chromatin restructuring, gene transcription, and signal transduction. Deregulation of HAT levels 



 

24 

and activities can result in the development and progression of various diseases such as cancers 

and cardiac hypertrophy.
81-83

 Given that these diseases affect millions of lives, it is of great 

importance to discover inhibitors for these HAT enzymes. In this drug development journey, 

reliable and efficient biochemical methods that are able to screen numerous HAT inhibitor 

compounds are critically needed.  

A few reported methods have been used to detect the acetyltransferase reaction mediated 

by HATs, which include radioactive filter binding assays, coupled fluorogenic assays, Flash 

plate assays, and fluorography assays.
48-49, 84

 Among these assays, the radioactive filter binding 

method using negatively charged phosphocellulose paper discs is considered the gold standard 

because it has greater sensitivity over the other methods and it is not as time-consuming as the 

fluorography assays which require mixture separation by gel electrophoresis and radiographic 

film development. Despite these amenable attributes, the major limitation for the filter binding 

assay method is the requirement of repeated washing steps which are not only labor-intensive, 

but also cause a large accumulation of radioactive waste. This technical hindrance also poses a 

challenge for the filter binding method to be used for high-throughput screening of HAT 

inhibitors. Due to these problems, it is of interest to design a biochemical assay that would 

provide comparable data to the filter binding method yet would be more time efficient, 

environmentally friendly, and importantly, possess robustness and capability for high-

throughput screening (HTS) of HAT inhibitors. 

Of the HTS assays available, scintillation proximity assay (SPA) is known for being 

robust, reliable, sensitive and quick.
85

 A common SPA protocol utilizes the strong interaction 

between biotin and streptavidin (Kd = 10
-15 

M, ref. 
86

) to bring the radiolabeled ligand close to 

the streptavidin-coated polyvinyl toluene (PVT) microbeads to emit light.
87-88

 The emitted 
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photons can be detected by the photomultiplier of a scintillation counter. Generally, tritium (
3
H) 

is used due to its strong yet short-path β-particle emission (1.5 m) which ensures that only the 

bead-bound radiolabels can stimulate the polymer-immobilized scintillant molecules.
85, 88

 The 

marked advantage of using SPA is the elimination of the laborious separation of product from 

unused radioactive cofactor, which greatly improves assay speed and allows for an efficient 

mix-and-measurement assay of the product. With these advantageous properties, the SPA 

method has been applied to study other posttranslational enzymes such as protein 

methyltransferases and kinases.
89-90

 

We attempted to implement a biochemical assay for discovering HAT inhibitors based 

on the principle of SPA. In this strategy, biotin-labeled histone peptides were used as the HAT 

substrate and [
3
H]Ac-CoA as the acetyl donor. Following the homogeneous acetyltransferase 

reaction, the [
3
H]-labeled product would bind to the streptavidin-coated SPA beads and produce 

detectable photon signals. We initially posited that such a SPA protocol should work 

straightforwardly based on the great success of previously using an analogous SPA method for 

the study of histone methyltransferase activities.
89, 91

 Unexpectedly, when applying the SPA to 

detect HAT reaction, we observed strong false-positive readings, especially in enzyme-negative 

controls. This acetylation-specific problem had to be illuminated and resolved in order to 

validate this SPA approach for HAT probe discovery. Herein, we found out that the cofactor-

substrate interaction interfered with acetyltransferase SPA readings. Further, we tested chemical 

reagents that could remove the interference, characterized this SPA approach for quantitative 

analysis of HAT inhibitor potencies, and proved robustness and high potential of this method 

for use as a high-throughput assay for HAT inhibitor screening. 
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2.2 Materials and methods 

2.2.1 Protein expression and purification 

The expression of p300 HAT domain (1287-1666) was done following the method 

developed by Cole’s lab.
92

 Transformation was done with BL21(DE3)-RIL competent cells 

using heat-shock, spreading on plates containing both ampicillin and chloramphenicol 

antibiotics. Colonies were harvested and grown at 37 °C in 8 mL, then inoculated to 1L culture 

of 2XYT media containing both ampicillin and chloramphenicol. Protein expression was 

induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) and shaken for 16 hours at 16°C. 

The cells were collected by centrifugation at 4000 rpm for 25 min and were resuspended in lysis 

buffer (25 mM Na-HEPES (pH 8), 500 mM NaCl, 1 mM MgSO4, 10 % glycerol, and 2 mM 

phenylmethanesulfonyl fluoride (PMSF)).  

The cells were lysed by passing through a microfluidizer (Microfluidics) at 17,000psi 

and, the supernatant was purified on chitin resins which were equilibrated with column buffer 

(25 mM Na-HEPES (pH 8), 250 mM NaCl, 1 mM EDTA, 0.1% Triton X-100 and 1 mM PMSF). 

The protein-loaded beads were thoroughly washed with the column buffer and wash buffer (25 

mM Na-HEPES (pH 8), 500 mM NaCl, 1 mM EDTA, 0.1% Triton X-100 and 1 mM PMSF). 

Next, the CT14 peptide (CMLVELHTQSQDRF) was dissolved in the cleavage buffer (25 mM 

Na-HEPES (pH 8), 250 mM NaCl, 1 mM EDTA, and 200mM 2-Mercaptoethanesulfonic acid 

(MESNA)) and added to the column. The column was set out at room temperature for 16 hours 

before the protein was eluted from the column, and several volumes of cleavage buffer were 

added to ensure the complete protein elution. Further purification was done using the Bio-Rad 

NGC fast protein liquid chromatography (FPLC) system. p300 HAT domain protein band was 

verified with 12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 
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Millipore centrifugal filter and Bradford assay were respectively used to concentrate and 

determine the protein’s concentration. Lastly, the protein was aliquoted and stored at -80°C.  

2.2.2 Peptide synthesis 

The biotinylated peptide containing the N-terminal 20-amino acid sequence of histone 

H4, i.e. Ac-SGRGKGGKGLGKGGAKRHRK(Biotin)-NH2 (abbreviated as H4(1-20)-BTN), 

and histone H3, i.e. Biotin-ARTKQTARKSTGGKAPRKQL-OH (abbreviated as H3(1-20)-

BTN) were synthesized using Fmoc-based solid-phase peptide synthesis protocol according to 

Wu et al..
89

 The CT14 peptide for chemical ligation contained the residues 1653-1666 of p300 

catalytic domain (CT14, i.e. CMLVELHTQSQDRF). 

2.2.3 Measurement of histone acetylation with SPA 

As a standard enzymology practice, we monitored the HAT-catalyzed reactions for a 

range of time and at different enzyme concentrations. Typically, the reaction time and enzyme 

concentration were controlled such that the reaction yield was kept to be under the linear, initial 

condition (see supplementary figures, Figure S2.1 and Figure S2.2). The time of 6-min and 

enzyme concentration of 25-nM were chosen based on the fact these points were both in the 

linear range of rate—time and rate—[E] relationship. By keeping the reactions within the linear 

range we ensure that the enzymatic reaction occurred under a constant and maximal rate, and 

the product formation can be accurately quantitated using linear equation. When the reaction 

time becomes overly long or the enzyme concentration becomes too high, the reaction goes out 

of the linear range, and the reaction rate starts to decrease due to a number of factors such as 

substrate consumption, product feedback inhibition, and enzyme denaturing. 

The SPA experiments were conducted in a 96-well plate (Isolate-96; Perkin Elmer) at 

30°C using a reaction buffer containing 50 mM HEPES (pH 8), 1 mM EDTA and 0.5 mM 



 

28 

dithiothreitol (DTT). The cofactor used as an acetyl donor was [
3
H]Ac-CoA (PerkinElmer) and 

the substrate was either H4(1-20)-BTN or H3(1-20)-BTN. The 30 µL reaction volume typically 

consisted of 2.5 µM of substrate, followed by 1 µM [
3
H]Ac-CoA. After 5-10 minutes of 

incubation, 0.025 µM of p300 (final concentration) was added and samples were re-incubated 

for 6-10 min. The reaction was quenched with 30 µL of the tested quenchers or with varying 

volumes of quenchers. Lastly, 10 µL of suspended 20 mg/mL streptavidin-coated SPA beads 

(Perkin Elmer) in the reaction buffer were added to each well and thoroughly mixed. The plate 

was placed in the MicroBeta2 scintillation counter (Perkin Elmer) in total darkness for one 

minute before the wells containing sample were each scanned. Samples were performed in 

duplicate and were typically within 20% of each other. 

2.2.4 Measurement of histone acetylation with SPA 

Filter binding assay was done in the same buffer mentioned above. Radio-labeled Ac-

CoA, was used to donate the acetyl group to either H4(1-20)-BTN or H3(1-20)-BTN. The total 

reaction volume was 30 µL. Peptide and cofactor were incubated for 5 minutes, followed by the 

addition of the enzyme. After another 6-10 minutes of incubation, the reaction was then 

quenched by spreading 20 µL of the reaction mixture over a Whatman P81 phosphocellulose 

filter disc (GE Healthcare Life Sciences). Once the filter discs were dried in air, they were 

washed three times with 50 mM NaHCO3 (pH 9.0) and re-dried. Acetylated products were 

quantified with the addition of scintillation cocktail was scanned using the MicroBeta2 (Perkin 

Elmer). Assays were performed in duplicate with standard deviation within 20% of each other.  

2.3 Design of the scintillation proximity assay for HATs 

In order to design a fast and sensitive assay for HATs, we investigated the practicability 

of the scintillation proximity assay for HAT activity measurement. The SPA approach is built 
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upon the interaction between streptavidin-coated scintillation bead and biotin-labeled HAT 

substrate 
93

 (Figure 2.1A). In this protocol, a HAT enzyme catalyzes the transfer of [
3
H]acetyl 

group from [
3
H]Ac-CoA to a biotin-labeled substrate (e.g., H3 or H4 peptide). The HAT 

enzyme used in the assay was p300, which can effectively acetylate the N-terminal tails of both 

histone H3 and H4. The substrate was a biotinylated peptide containing the N-terminal 20-aa 

sequence of H3 or H4, namely H3(1-20)-BTN or H4(1-20)-BTN. After incubation of the 

enzyme, [
3
H]Ac-CoA, and biotinylated substrate, the acetyltransferase reaction was stopped by 

adding a quenching reagent, such as isopropanol. Lastly, SPA scintillation beads were added 

and the acetylated product was counted. Through specific biotin-streptavidin interaction, the 

[
3
H]-radiolabeled acetylated peptide product is brought into close proximity to the SPA bead. 

The beta-particle emission of [
3
H] excites the scintillants immobilized in the SPA bead, 

generating luminescence that is detected by a microplate-compatible scintillation counter, e.g. 

the MicroBeta or TopCount. Any unbound [
3
H]Ac-CoA is out of the scintillation proximity 

distance thus will not generate SPA signals.  
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Figure 2.1: Scheme of the scintillation proximity assay (A) detecting HAT reaction (B) 

complicated by cofactor-substrate interaction. (A) The enzyme transfers the radioactive 

acetyl group to the biotinylated peptide, which is brought into proximity of the streptavidin-

coated scintillation microsphere beads. (B) Pathway 1 produces signals as a result of the 

acetyltransferase reaction. Pathway 2 shows that the electrostatic interaction of acetyl-CoA and 

histone substrate leads to undesired SPA signals even in the absence of HAT enzymes. Pathway 

2 must be removed in a reliable HAT SPA measurement. 

 

2.4 Identifying effective quenchers and optimizing their concentrations for SPA 

measurements 

To start, we first measured the SPA reading of [
3
H]Ac-CoA in the reaction buffer. As 

expected, the sample showed only a background-level count (~100 cpm) (Figure 2.2A), 

supporting that the tritium atoms in the bulk Ac-CoA solution is not being brought into close 

enough proximity to the microsphere-coated scintillant molecules. Nevertheless, when the 

biotinylated histone H3 or H4 peptide was added, we observed strong SPA signals, which 
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increased proportionally with the increasing amount of the added peptide (Figure 2.2A). This 

result was quite unexpected because no HAT enzyme was present, and the 10-min incubation 

time could not have allowed for non-enzymatic acetylation to occur. Instead, the undesirable 

SPA signals were likely caused by nonspecific electrostatic interactions between the positively 

charged histone peptide and the negatively charged [
3
H]Ac-CoA. Nevertheless, this interaction 

needed to be eliminated otherwise it would interfere with the signals from the HAT reaction.  

  
Figure 2.2.: Interaction of histone H3 and H4 substrates with [

3
H]Ac-CoA measured by 

SPA(A) and the effects of various quenchers on the interaction between substrate and 

cofactor(B). Assays containing peptide (0-10 µM H3(1-20)-BTN or H4(1-20)-BTN peptide 

(A), or 2.5 µM H3(1-20)-BTN or H4(1-20)-BTN (B)) and 1 µM [
3
H]Ac-CoA were incubated at 

30°C for 6 min, before adding 30 µL of isopropanol (A) or various quenchers (B) and 10 µL of 

20 mg/mL SPA beads. Quenchers in figure (B) are as follows: a. negative, b. positive, c. 50% 

isopropanol, d. 1% SDS, e. 1% Triton X-100, f. 4 M guan, g. 2 M guan, h. 50 mM NaHCO3, i. 

50% DMSO (Dimethyl sulfoxide), j. 50 mM AcOH. In the positive control, water was added as 

the quencher. Negative controls did not contain any peptide. 
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In end-point enzymatic assays, typically a quenching reagent is added to stop the 

enzymatic reaction so that the amount of products can be quantified at precise time points. In 

the previously reported HAT assays, the oft-used quencher is a water-miscible organic solvent, 

such as isopropanol and DMSO, which can stop the HAT reaction by disrupting the active 

enzyme folding structures.
50

 In our previous SPA experiments for histone methylation, dilution 

of the reaction mixture with five-fold buffer was also found to be effective to diminish 

enzymatic activity.
89

 

We reasoned that a different chemical quencher should be selected to remove the 

undesirable cofactor-substrate interaction in a HAT reaction. In this regard, several chemical 

quenching agents were tested, which included isopropanol, SDS, Triton-X100, guanidine HCl, 

NaHCO3, DMSO, and acetic acid. In the first experiment, a reaction mixture containing 

biotinylated histone peptide and [
3
H]Ac-CoA was incubated for 6 min. Then, an equal volume 

of individual quenchers was added to each reaction mixture. As seen in Figure 2.2B, several 

quenchers, including 1% SDS, 50 mM NaHCO3, 2 M and 4 M guanidine HCl, gave low SPA 

signals that were comparable to the negative control, which was indicative of their effects on 

disrupting the interaction between the histone peptide (both biotinylated H3 and H4 peptides) 

and [
3
H]Ac-CoA. Although 1% SDS showed promising results in this experiment, it was harder 

to work with because it is prone to generate air bubbles during the mixing process. 

We are particularly interested in using guanidine HCl as the quenching reagent because 

it is a cheap agent and has been widely used in protein denaturing studies. The minimum 

guanidine HCl concentration that would produce reliable and accurate SPA readings by 

inhibiting the histone—Ac-CoA interaction was determined. Various concentrations of 

guanidine HCl were tested with samples containing 2.5 µM of H3(1-20)-BTN and 1 µM 
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[
3
H]Ac-CoA. In the absence of enzyme, at least 0.125 M guanidine HCl was needed to keep the 

reading signal as low as the negative control and presumably block any interaction between H3 

peptide and Ac-CoA (Figure 2.3A). Ideally, the quenching agent should also stop the enzymatic 

reaction as well, which is required for end-point enzymatic assays. So, a similar assay was 

performed with the presence of HAT enzyme, p300, and readings showed that a guanidine HCl 

concentration at 0.25 M was needed to keep the readings at the background level (Figure 2.3A). 

This suggests that under these experimental condition, to denature p300 required a higher 

concentration of guanidine HCl than to break down histone-Ac-CoA interaction. Together, 0.25 

M of guanidine HCl was sufficient to both stop the HAT reaction and meanwhile eliminate 

histone-Ac-CoA interaction.  

 

 
 

Figure 2.3. The dose response of SPA signals at different concentrations of guanidine HCl 

(A) and NaHCO3 (B). All samples were incubated for 6 min at 30°C. Samples not containing 

enzyme had 2.5 µM H3(1-20)-BTN, 1 µM [
3
H]Ac-CoA, and was quenched with 30 µL of 

guanidine HCl (A) or NaHCO3 (B) at various concentrations. Samples with enzyme contained 6 

µL of guanidine HCl (A) or NaHCO3 (B) at various concentration in the reaction mixture of 2.5 

µM H3(1-20)-BTN, 1 µM [
3
H]Ac-CoA, and 0.025 µM p300. After the reaction, 30 µL of 
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isopropanol was added. Positive control did not contain any guanidine HCl or NaHCO3. H3(1-

20)-BTN was absent in the negative control samples. 

 

Another quencher tested was NaHCO3. This chemical is commonly used as the washing 

reagent in the filter-binding assay for HATs. The dose-dependent effect of NaHCO3 on the 

histone—Ac-CoA interaction and p300 HAT activity was determined in the same way as the 

guanidine HCl experiment. As displayed in Figure 2.3B, 50 mM of NaHCO3 was sufficient 

enough to break down the cofactor-substrate interaction and show low readings close to the 

background level. However, in the presence of p300, 100 mM of NaHCO3 was needed to bring 

down the SPA readings in parallel to the negative control. This difference, again, suggests that 

inhibiting p300 activity needs a higher strength of quencher solution than does blocking the 

histone-Ac-CoA interaction. 

 

2.5 Further comparison of guanidine quenching with the other quenching methods  

We further evaluated and compared the quenching properties of different quenching 

reagents on substrate‒cofactor interaction, and on the p300 enzymatic activity in the SPA 

measurement. As shown in Figure 2.4A (white column), the addition of isopropanol was unable 

to break histone—Ac-CoA interaction; even with 150 µL isopropanol (83% v/v), the SPA 

reading was still as high as 1251 cpm. Another often used quenching method is diluting the 

reaction mixture with buffer. By dilution, the enzyme will have a less access to its substrates, 

resulting in dramatic decrease of product formation. The results showed that even with a five-

fold dilution using the reaction buffer, the SPA readings were not able to stay as low as the 

negative control (Figure 2.4A, square checkered column). This clearly suggests that the dilution 
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method is insufficient to break histone-Ac-CoA interaction. The addition of 90 µL DMSO (75% 

v/v) to the reaction mixture was able to get the readings down close to the background level. 

Guanidine HCl and NaHCO3 were the only quenchers that were able to keep readings close to 

the background level with only one-volume addition (Figure 2.4A, grey and slanted line 

column). 

  
Figure 2.4. Quenching effects of 1xRB, isopropanol, DMSO, NaHCO3, and guanidine HCl 

on samples (A) without HAT enzyme, and (B) with p300 enzyme. (A)Samples containing 2.5 

µM H3(1-20)-BTN, and 1 µM [
3
H]Ac-CoA was incubated for 6 min at 30°C before various 

volumes of the different quenchers were added. Lastly, 10 µL of 20 mg/mL SPA beads was 

added. Background did not contain any biotinylated peptide. (B) These samples followed the 

same conditions with the addition of 0.025 µM p300 

 

This quenching effect was retested under the same conditions except that p300 enzyme 

was added to the reaction mixture (Figure 2.4B). Prior to the addition of any quenching agents, 

the reaction mixture was incubated for 6 minutes to allow histone acetylation to occur. 

Therefore, unlike the results in Figure 2.4A, we expected to observe a high SPA reading in 

every test due to the radiolabeling of the H3(1-20)-BTN substrate. Indeed, as displayed in 

Figure 2.4B, the SPA readings remained at high levels (> 900 cpm) for guanidine HCl, 
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NaHCO3, isopropanol and 1XRB, independent of volume addition (Figure 2.4B). Comparing 

the data in Figure 2.4A and 2.4B, we can conclude that: (1) quenching with isopropanol and 

extra volumes of buffer solution is not sufficient enough to block nonspecific histone-Ac-CoA 

interaction and thus cannot produce reliable data in SPA HAT assays. (2) Guanidine HCl and 

NaHCO3 own the ability of inhibiting both HAT activity and histone—Ac-CoA interaction, thus 

providing reliable results with just a one-volume addition. (3) Surprisingly, as DMSO volumes 

increased, the readings gradually decreased close to the background level in both Figure 2.4A 

and 2.4B. The observation of this trend for DMSO is very important for this assay; while the 

decrease of SPA signals in Figure 2.4A was because histone-Ac-CoA interaction was inhibited 

by DMSO, the diminished SPA readings in Figure 2.4B strongly indicate that high volumes of 

DMSO interfered with the interaction between biotin and streptavidin, which is detrimental to 

SPA efficiency.  

To validate if DMSO was indeed disrupting the biotin-streptavidin interaction in the 

SPA procedure, an experiment using histone methylation was designed (Figure 2.5). In this 

methylation experiment, we used protein arginine methyltransferase 1 (PRMT1) enzyme, and 

[
3
H]SAM as the methyl donor and H4(1-20)-BTN as the substrate. We had predetermined that 

there was no electrostatic interaction between [
3
H]SAM and the histone substrate (data not 

shown). The histone methylation was first carried out prior to the addition of any quenching 

agent. Therefore, we would expect to observe strong SPA readings regardless of the type of 

added quenchers. Indeed, the samples showed high and relatively stable SPA signals in the 

presence of guanidine, NaHCO3, isopropanol, and 150 µL reaction buffer (Figure 2.5). The 

reactions quenched with less than three-volume 1xRB had greater reading values likely because 

1xRB did not denature the enzyme. Under a lower dilution of the reaction mixture, the enzyme 
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activity was still measurable by the continual substrate methylation. Importantly, again, it was 

observed that increasing DMSO volumes greatly reduced the SPA signals, which was similar to 

that observed in Figure 2.4B. From these experiments, it is clear that high volumes of DMSO 

interfered with the biotin-streptavidin interaction. Thus, using DMSO as a quencher in SPA 

experiments should be cautioned or avoided. 

 

Figure 2.5. Effects of 1xRB, isopropanol, DMSO, NaHCO3, and guanidine HCl on 

PRMT1-mediated H4 methylation. Samples containing 0.02 µM PRMT1, 1 µM H4(1-20)-

BTN, and 0.5 µM [
3
H]SAM was incubated for 7 min at room temperature. Reaction was 

quenched with 30 -150 µL of the different quenchers. Lastly, 10 µL of 20 mg/mL SPA beads 

was added. Background did not contain any biotinylated peptide. 

 

2.6 Comparison between the SPA and the filter binding assay  

The filter binding assay is considered the gold standard for measuring activities of 

HATs, both for enzyme mechanism studies and for inhibitor characterization studies. However, 

this method is laborious, creates a large amount of radioactive waste, and hinders HTS 



 

38 

application. The development of a more efficient and environmentally friendly method with 

results comparable to the filter binding assay would be highly valuable. We measured and 

compared the time-dependent reaction progression using both the SPA and the filter binding 

assay under identical reaction conditions. As shown in Figure 2.6, an excellent linear 

relationship (correlation coefficient (R) is 0.996) was observed between the data obtained from 

the SPA and the filter binding assay, demonstrating that these two methods are consistent and 

reliable. 

 

Figure 2.6. Linear correlation of the SPA with the filter binding assay. A time dependent 

assay was carried out using identical conditions for both assays. Samples containing 2.5 µM 

H3(1-20)-BTN, 1 µM [
3
H]Ac-CoA and 0.025 µM p300 was incubated at 30°C before ending 

the reaction with 30 µL of 0.5 M (final) guanidine HCl, or by spreading 30 µL of the reaction 

mixture on P81 paper. Reaction times were 0, 1, 3, 5, 7, 10, 15, 30, and 60 min.  

 

We also compared the two assay formats for HAT inhibitor characterization (Figure 

2.7). C646 is a known inhibitor of p300 with submicromolar potency.
94

 We measured the p300 

inhibition by C646 at varying concentrations using both the filter binding assay and the 
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established SPA. Both assays contained 2.5 M H3(1-20)-BTN and 1 M [
3
H]Ac-CoA and 

were reacted for a reaction time of 6 min at 30°C. The readings for the SPA measurements 

quenched with guanidine HCl followed the same trend as the readings for the filter binding. The 

IC50 value of the SPA measurement with guanidine HCl as quenching agent was calculated to 

be 3.4± 0.1 M, which was very close to the value obtained from the filter binding assay (2.3 ± 

0.01 M). Therefore, the SPA showed the same-quality performance as the filter binding 

method for quantifying HAT activities both in the absence and presence of inhibitors. The SPA 

would be preferred because it is faster and does not require washing procedures. For 

comparison purpose, we also did the IC50 measurement using the SPA measurement using 

isopropanol as a quencher. An IC50 of 4.1 ± 0.6 M was obtained from this assay. Although the 

value was similar to that of the filter binding assay and the guanidine-quenched SPA, it is seen 

clearly from Figure 2.7 that even at 100 M of the inhibitor where the p300 enzymatic activity 

was completely inhibited, the scintillation readings were still much higher than the background. 

This phenomenon of partial inhibition supports that the interaction between the substrate and 

cofactor led to false SPA readings and isopropanol was not able to disrupt the interaction 

between the substrate and cofactor. Therefore, the high SPA readings caused by the substrate-

cofactor interaction reduced the signal dynamic window, making it more difficult to distinguish 

between positive and negative hits. 
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Figure 2.7. Dose-dependent inhibition of p300 activity by C646 measured using SPA and 

filter binding assay. Both the SPA and filter binding assays included 0.025 µM p300, 2.5 µM 

H3(1-20)-BTN, 1 µM [
3
H]Ac-CoA and an incubation time of 6 min at 30°C. To quench the 

reaction, 30 µL of each reaction mixture was spread out on a Whatman filter binding paper or 

30 µL of 100% isopropanol or 1 M guanidine HCl was added to the sample. IC50 was 

determined by fitting the data to the equation 
𝒚−𝒚𝒎𝒊𝒏

𝒚𝒎𝒂𝒙−𝒚𝒎𝒊𝒏
=

𝟏

(𝟏+
[𝑰]

[𝑰𝑪𝟓𝟎]
)𝒉

 , Where 𝒚𝒎𝒂𝒙, 𝒚𝒎𝒊𝒏, h and 

[𝑰] are maximum and minimum SPA signals on the y-axis, hill coefficient, and inhibitor 

concentration respectively.
95

   

 

2.7 Evaluation of method for the use in HTS  

Screening a large number of compounds represents a task that can become very 

laborious, so it is very valuable to have a HTS method which works efficiently and robustly and 

shows superior signal-to-background ratios. The Z’ and Z factors are excellent parameters to 

evaluate effectiveness and robustness of a biochemical assay for HTS application.
96

 The 
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theoretical Z’ and Z values can range from zero to one, and a value greater than or equal to 0.5 

is considered a preferable parameter for a stable HTS assay. We measured the Z’ and Z factors 

of this HAT SPA. Three sets of samples each with 24 data points were tested in 96 well plate 

format. The first set was the enzyme-negative control (containing 2.5 µM H3(1-20)-BTN and 1 

µM [
3
H]Ac-CoA), the second set was the enzyme-positive control (containing 2.5 µM H3(1-

20)-BTN, 1µM [
3
H]Ac-CoA and 0.025 p300), and the third set included a HAT inhibitor in the 

enzymatic reaction (containing 2.5 µM H3(1-20)-BTN, 1 µM [
3
H]Ac-CoA, 0.025 µM p300, 

and 10 µM C646). From the sampling data shown in Figure 2.8, the calculated Z and Z’ factors 

for this HTS assay were found to be 0.68 and 0.69 respectively; therefore, supporting the 

robustness and effectiveness of this SPA protocol to screening HAT inhibitors in HTS format. 

 

Figure 2.8. The scatter plot of the SPA signals comparing enzyme-positive, enzyme-

negative, and inhibitor-containing samples. Squares (■): The enzyme-positive reaction 

samples contain 0.025 µM p300, 2.5 µM H3(1-20)-BTN, and 1 µM [
3
H]Ac-CoA. Circles (○): 

The enzyme-negative samples contain 2.5 µM H3(1-20)-BTN, and 1 µM [
3
H]Ac-CoA. 

Diamonds (♦): The inhibitor samples contain 0.025 µM p300, 2.5 µM H3(1-20)-BTN, 1 µM 
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[
3
H]Ac-CoA, and 10 µM C646. All samples were incubated for 7 minutes at 30°C. Lastly, 

samples were all quenched with 30 µL of 0.5 M (final) guanidine HCl, and 10 µL of 20 mg/mL 

SPA beads was added before scintillation counting in MicroBeta2.  

 

2.8 Conclusion 

Lysine acetyltransferases have major physiological roles at the cellular level, yet in an 

unregulated state they contribute to various detrimental diseases. To develop new HAT-

targeting therapies, it is crucial to have a reliable HTS method to quickly obtain chemical hits 

from a large library of compounds. With this task in mind, we set out to implement a 

scintillation proximity assay (SPA) for HATs. Using the SPA for biochemical assays of enzyme 

activities and protein-protein interactions is an appealing approach. SPA methods have been 

adopted to analyze several PTM enzyme activities, such as protein methyltransferases and 

kinases.
89-90

 We reasoned that the SPA protocol could be analogously set up for HAT enzymes 

using [
3
H]Ac-CoA as the acetyl donor and biotinylated histone peptide as the acetyl acceptor 

(Figure 2.1.A). Once the radioactive labeled acetyl group is transferred to the biotinylated 

peptide, it is brought to close proximity of streptavidin-coated scintillation beads by the specific 

binding of biotin with streptavidin. We want to mention that Ait-Si-Ali et al. 
97

 previously also 

performed radiometric HAT assays using biotinylated histone peptide. In their assay, the 

acetylated product was captured on streptavidin-modified agarose beads. Since it was not a SPA 

method, washing step was still needed to remove unreacted Ac-CoA before scintillation 

counting, which is similar to the standard filter binding assay. In our strategy, we attempt to 

devise the HAT assay in the SPA format, so that scintillation readings can be directly measured 



 

43 

following the HAT reaction without any washing, which would greatly improve the high 

throughput capacity. 

When implementing the SPA method for HAT activity measurement, however, we 

observed that the enzyme-negative samples showed unexpectedly high SPA signals (e.g., 

Figure 2.2A). Also, using this assay to measure potency of HAT inhibitors yielded a pattern of 

incomplete inhibition (Figure 2.7). Through a series of comparative experiments, the issue was 

nailed down to the nonspecific electrostatic interaction between the cationic histone peptides 

and the anionic [
3
H]Ac-CoA. The adverse histone-cofactor binding brought the tritium 

radiolabel in proximity to the SPA scintillation beads even in the absence of HAT enzyme, thus 

producing false readouts (Figure 2.1B). Apparently, this extra intermolecular interaction 

interfered with the true readings of HAT enzymatic assay and needed to be avoided in order to 

set up a reliable HAT SPA measurement.  

To provide unbiased results for HAT activity measurement using the SPA, several 

chemical agents were studied that could eliminate the undesirable substrate-cofactor interaction. 

In selecting a quenching agent, we reasoned that the chemical quenchers must satisfy three basic 

requirements. Firstly, the quencher must disrupt the electrostatic interaction between histone 

peptide substrate and [
3
H]Ac-CoA. Secondly, it must inhibit the HAT enzyme activity so that 

no further acetylation reaction proceeds after the quenching. Thirdly, the quencher must not 

interfere with the biotin and streptavidin interaction. We found that guanidine HCl and NaHCO3 

were excellent quenchers because they were able to satisfy all the three requirements. 

Isopropanol, 1% Triton-X100, and 50 mM AcOH were not strong enough to prevent cofactor-

histone interaction. Excess DMSO disrupted biotin-streptavidin binding, so we recommend it 

not be used as a quencher in the HAT SPA experiments. 
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Previously, Turlais et al. 
98

 developed a radiometric assay utilizing the scintillating 

microplate (i.e. FlashPlate) to detect HAT activity. In their protocol, histone H3, [
3
H]Ac-CoA, 

and HAT enzyme PCAF were incubated directly on the FlashPlate. In the HAT reaction, the 

tritium-labeled histone was captured by the walls of FlashPlate which contained immobilized 

scintillant molecules, generating a scintillation signal. That method apparently was also based 

on the principle of scintillation proximity. Interestingly, the authors did not show any 

interference from Ac-CoA-histone interaction. It was possible that 150 mM of NaCl present in 

their assay buffer somehow diminished the undesirable cofactor-histone interaction. Compared 

with the FlashPlate assay, our assay owns additional advantageous features. The previous 

FlashPlate assay was heterogeneous in nature because the histone substrate was adsorbed on the 

microplate surface throughout the enzymatic reaction. The solid surface may partially impact 

HAT-mediated histone acetylation. Further, the adsorption of histone H3 on FlashPlate was a 

nonspecific electrostatic interaction, so the efficiency of histone adsorption could be easily 

interfered by buffer compositions.
99

 It was also difficult to assess the molecular stoichiometry of 

histone binding to the FlashPlate. The presence of a high salt concentration could be necessary 

to prevent cofactor-histone binding; however, it may also affect the efficiency of histone 

adsorption to the plate surface which is needed for SPA detection. Furthermore, high salt 

concentration has the pitfall of inhibiting enzymatic activity of HATs, and it has been 

recommended that strong ionic strength should be avoided in HAT reactions.
100-101

 In this 

present study, we described a more clear scintillation proximity assay for HATs: The HAT 

reaction was conducted homogeneously in a buffer solution in regular 96-well plate. Following 

the HAT reaction, SPA beads were added so that the radiolabeled product was brought into 

proximity of the scintillant by the specific and potent biotin-streptavidin interaction. 
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Importantly, we showed that using chemical agents such as guanidine HCl and NaHCO3 

effectively quenched the HAT reaction and meanwhile removed any nonspecific interaction 

between acetyl-CoA and histone substrate. Using guanidine HCl or NaHCO3 as a quencher is 

beneficial because of their intrinsic ionic properties as well as being readily available and cheap 

in price. Guanidine HCl is a strong electrolyte known to be a strong protein denaturant.
102-103

 

The chaotropic property of guanidine is very useful in this SPA for it assures that the HAT 

reaction ended once this reagent was added. The ability of guanidine HCl to break down the 

electrostatic substrate-cofactor interaction is critical to avoid false readings. At this point we are 

not sure why NaHCO3 can stop the HAT reaction. Possibly, NaHCO3 may interact with the 

positively charged histone peptide, which prevents the substrate from entering in the active site 

of the HAT. Nevertheless, NaHCO3 is an effective quencher like guanidine HCl for this SPA 

experiment. Furthermore, in our studies, we found that 150 mM of sodium chloride or 30 mM 

of sodium phosphate (pH 8.0) fully eliminated the unwanted [
3
H]Ac-CoA-histone interaction 

(supplementary Figure S2.3 and S2.4). However, at those concentrations, neither sodium 

chloride nor sodium phosphate were capable of completely quenching the HAT activity 

(supplementary Figure S2.5 and S2.6). 

Taken together, we have developed and validated a scintillation proximity assay to 

measure the enzymatic activity of HATs. This mix-and-measure assay does not require any 

washing procedures and can be implemented in the microplate format. This SPA method is well 

suited for quantitative potency evaluation of HAT inhibitors and has the high-throughput 

capability to screen for new HAT chemical probes. 

 

  



 

46 

 

 

CHAPTER 3 

BISUBSTRATE INHIBITORS TARGETING HISTONE ACETYLTRANSFERASE 1 (HAT1)  

This work was submitted to Chemical Biology & Drug Design as Liza Ngo, Tyler Brown, Y. 

George Zheng. (2017) Bisubstrate Inhibitors Targeting Histone Acetyltransferase 1 (HAT1).  

3.1 Introduction 

Developing and identifying potent and selective inhibitors for enzymes allow scientists 

to expand molecular toolbox to investigate the role and activity of target enzymes. The histone 

acetyltransferase1 (HAT1) belongs to the GCN5-related N-acetyltransferase (GNAT) 

superfamily together with other canonical members such as GCN5 (general control 

nonderepressible 5) and PCAF (p300/CBP associated factor). Members of this family are 

conserved in organisms spanning from yeasts to humans and are known to share four distinct 

regions spanning around 100 residues.
16

 HAT1 was among the first set of HAT enzymes that 

were discovered in the mid-1990s;
104

 however, it is one of the most poorly studied enzymes in 

comparison to the other HAT members. This enzyme is categorized as a type B HAT based on 

its ability to acetylate newly synthesized histones, such as histone H4 at Lys5 and Lys12 as well 

as H2A at Lys5, but not the histones that are already incorporated into a nucleosome.
26-27

 

Cancer formation and progression can occur due to the dysregulation of histone 

modifying enzymes that regulate gene transcription, cell differentiation, proliferation and 

apoptosis.
105-107

 HAT1 has been linked not only to various diseases such as cardiovascular 

diseases,
37

 colorectal cancer,
108

 liver cancer,
41

 lung cancer,
35

 and human immunodeficiency 

virus (HIV),
109

 but also to the regulation of immune responses.
26, 35

 Besides the aberrant 
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expression, the localization of HAT1 can also aid in disease progression.
108

 It has also been 

reported in an HIV study that HAT1 can be a biomarker of the disease state.
109

 These disease 

studies shed light on the roles that HAT1 plays in pathology and suggest that HAT1 could be a 

potential molecular target in the design of new therapeutic treatment. 

Reported inhibitors for HATs range from peptides to small molecules and include 

natural products as well as synthetic molecules.
110-112

 Peptide bisubstrate inhibitors were first 

introduced to the HAT field by the Cole group with the p300-selective inhibitor Lys-CoA (IC50 

0.5 µM) and the PCAF-selective inhibitor, H3-CoA-20 (IC50 0.3 µM).
113

 These inhibitors were 

designed to mimic the ternary complex formation of the substrate and cofactor binding to the 

HAT enzyme. We have previously designed several bisubstrate peptide inhibitors on the MYST 

family of HATs.
55

 In the search for inhibitors targeting Esa1 and Tip60, we tested and 

compared the potency of various bisubstrate peptide inhibitors, small molecules, as well as 

natural products on Esa1, Tip60, p300, and PCAF.
55

 Of the inhibitors tested H4K16CoA was 

found to be the most potent against both Esa1 and Tip60 with IC50 of 5.51 µM and 17.59 µM 

respectively.
55

 Furthermore, analysis with Esa1 demonstrated that the mode of inhibition was 

competitive against acetyl coenzyme A (AcCoA) and noncompetitive against H4-20 substrate.
55

 

Moreover, we rationally designed a set of multivalent peptide inhibitors containing methylated 

modifications in the peptide chain of the bisubstrate compound to inhibit Tip60, and found that 

the added methylated marks improved the potency of the bisubstrate inhibitors towards Tip60 

by several folds.
114

 

These substrate-based inhibitors are valuable chemical probes for mechanistic and 

structural studies of HAT activities. Several bisubstrate inhibitors have been applied to 

understand the substrate recognition mechanisms in HATs.
115-116

 It is known that HAT1 prefers 
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to acetylate the N-terminal tail of histone H4 at Lys5 and Lys12.
104, 117

 Thus, to develop 

inhibitors targeting HAT1 in this study, we rationally synthesized various histone H4 peptides 

containing the first 20 amino acids of histone H4 (H4-20) and the CoA moiety conjugated to 

different lysine residues. For the first time, inhibitors were identified that displayed potent 

inhibition activity towards HAT1. Two best inhibitors, H4K5CoA and H4K12CoA, had 

nanomolar inhibition potency towards HAT1 with IC50 values at 83 nM and 23 nM respectively. 

Inhibition analysis of the most potent inhibitor, H4K12CoA, indicated that the mode of 

inhibition was competitive towards both AcCoA and H4-20 peptide.  

3.2 Materials and methods 

3.2.1 Bisubstrate inhibitor synthesis 

Various peptides containing the first N-terminal 20aa of histone H4 (i.e., ac-

SGRGKGGKGLGKGGAKRHRK, H4-20) were synthesized using the Fmoc [N-(9-fluorenyl) 

methoxycarbonyl]-based solid-phase peptide synthesis protocol. The Fmoc-Lysine(Boc) 

preloaded Wang resin was used, and individual amino acids were coupled using activation 

reagents HBTU [2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] 

and HOBt (N-Hydroxybenzotriazole). The Dde group (dimethyldioxocyclohexylidene) on 

either lysine 5, 8, 12, or 16 was deprotected using 65% hydrazine monohydrate. Next, 

bromoacetic acid was mixed with DIC (N, N'-diisopropylcarbodiimide) in DMF 

(dimethylformamide) to create a bromoacetyl linker which can be used to add CoA to the 

peptide. The peptide was cleaved off the resin using 95% trifluoroacetic acid (TFA), 2.5% H2O, 

and 2.5% triisopropylsilane (TIS) for 4 hr. The peptides were purified using a C-18 reverse 

phase column on a High-performance liquid chromatography (HPLC) instrument, and each 

sample analyzed by matrix assisted laser desorption/ionization mass spectrometry (MALDI-
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MS). The bromo peptide was treated with five equivalence of CoA in sodium phosphate buffer 

(0.1 M, pH 8) the reaction mixture was shaken overnight in the dark at room temperature. The 

CoA-peptide compounds were purified and verified following the previous procedure. The 

concentrations of the CoA–peptide conjugates were determined by making serial dilutions of 

the compounds and measuring the absorbance at 260nm. Concentrated NaOH solution was used 

to neutralize the pH of the compound solutions prior to enzymatic assays. 

3.2.2 HAT1 expression and purification 

The expression and purification of catalytic domain HAT1 (20-341) was done following 

the method described by Wu et al. (Addgene plasmid # 25239).
34

 Briefly, this protein was 

expressed in Escherichia coli and purified using the Ni-NTA resin. Transformation was done in 

E coli BL21-CodonPlus (DE3)-RIL competent cells using the heat-shock method, and then the 

cells were spread on agar plates containing antibiotics kanamycin and chloramphenicol. Protein 

expression was induced by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) 

and shaken for 16 hours at 16°C. The cells were collected and suspended in the lysis buffer (50 

mM Na-phosphate (pH 7.4), 250 mM NaCl, 5 mM imidazole, 5% glycerol, 2 mM β-

mercaptoethanol, and 1 mM phenylmethanesulfonyl fluoride (PMSF)) then disrupted using the 

Microfluidics cell disruptor. The supernatant was passed through a column containing Ni-NTA 

resin equilibrated with column washing buffer (20 mM HEPES pH8, 250 mM NaCl, 5% 

glycerol, 30 mM imidazole, 1 mM PMSF) and the resin was washed with column washing 

buffer. Next, the resin was washed with the buffer containing a higher concentration of 

imidazole (20mM HEPES pH 8, 250 mM NaCl, 5% glycerol, 50 mM imidazole, 1 mM PMSF). 

Lastly, HAT 1 was eluted with elution buffer (20 mM HEPES pH 8, 250 mM NaCl, 5% 

glycerol, 500 mM imidazole, 1 mM PMSF). 
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3.2.3 Determining 𝑲𝐢
𝐚𝐩𝐩

, 𝑲𝐢, and IC50 values of the bisubstrate inhibitors against HAT1  

𝐾i
app

 values for all of the inhibitors (Lys-CoA, H4K5CoA, H4K8CoA, H4K12CoA, 

H4K16CoA, and CoA) were determined using the scintillation proximity assay (SPA) 
118

. SPA 

experiments were conducted in a 96-well plate (Isolate-96; Perkin Elmer) at 30°C using a 

reaction buffer containing 50 mM HEPES (pH 8), and 0.1 mM EDTA. The cofactor used as an 

acetyl donor was [
3
H]-Ac-CoA (PerkinElmer) and the substrate was a biotinylated H4-20 

peptide (Ac-SGRGKGGKGLGKGGAKRHRK(Biotin)-NH2 (abbreviated as H4-20 BTN)). The 

30 µL reaction volume typically consisted of various concentration of bisubstrate inhibitor, 2.5 

µM of substrate, followed by 1 µM [
3
H]-AcCoA. After 5 mins of incubation, 0.04 µM of HAT1 

was added and samples were re-incubated for 20 mins. The reaction was quenched with 30 µL 

of guanidine HCl (0.5 M). Lastly, 10 µL of suspended 20 mg/mL streptavidin-coated SPA 

beads (Perkin Elmer) were added to each well and thoroughly mixed. The plate was placed in 

the MicroBeta2 scintillation counter (Perkin Elmer) in total darkness for one minute before the 

samples were quantified. Samples were performed in duplicate and were typically within 20% 

of each other. 𝐾i
app

 was determined by fitting the data to the following Morrison equation  

 

𝑣𝑖

𝑣0
= 1 −

([𝑬]+[𝑰]+𝐾i
app

)−√([𝐸]+[I]+𝐾
i
app

)
𝟐

−4[𝐸][𝐼]

2[E]
  (Equation 1) 

Where 𝑣𝑖, 𝑣0, [𝐸] , [𝐼] ,and 𝐾i
app

are maximum and minimum SPA signals on the y-axis, 

enzyme concentration, inhibitor concentration, and apparent 𝐾i respectively.
119

 Next, the 

following equation was used to calculate the dissociation rate constant, 𝐾i, from the 𝐾i
app

 value: 
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𝐾i =
𝐾i

app

1+
[𝑺]

𝐾𝑚

  (Equation 2) 

Where [𝑆] is the concentration of AcCoA used in the assay, and 𝐾𝑚 is the Michaelis-Menten 

constant of AcCoA.
119

 Lastly, the following equation was used to calculate IC50 value from the 

𝐾i
app

 value: 

 

𝐼𝐶50 = 𝐾i
app

+
1

2
[𝐸]𝑇  (Equation 3) 

Where [𝐸]𝑇 is the total enzyme concentration used in the assay.
119

 

3.2.4 Determining HAT1 kinetics and mode of inhibition 

HAT1 kinetics and the mode of inhibition for the bisubstrate inhibitor, H4K12CoA, 

were measured using the radiometric filter binding assay.
120

 The reaction time and enzyme 

concentration were controlled so that the reaction yield was kept less than 20%. H4K12CoA 

was added to the reaction at 0 nM, 20 nM and 100 nM. To determine the activity of HAT1 

towards H4-20 peptide, various concentrations of H4-20 peptide (0-100 µM) was mixed with a 

reaction containing [
14

C]-AcCoA (3 µM) and reaction buffer (50 mM HEPES (pH 8.0), 0.1 mM 

EDTA, and deionized water). This mixture was incubated for 5mins at 30°C. Next, HAT1 (0.02 

µM) was added and the sample was re-incubated at 30°C for 9 mins. The mixture was spread 

onto the P81 filter paper to quench the reaction. Filter papers were left to dry for 45 mins before 

they were washed three times with 50 mM NaHCO3 buffer (pH 9). Lastly, the papers were re-

dried, put into vials, and quantified with the addition of scintillation cocktail on the Beckman 

Coulter LS 6500 multi-purpose scintillation counter. 

To determine the activity of HAT1 as a function of AcCoA concentration, various 

concentrations of [
14

C]-AcCoA (0-10 µM) was mixed with a reaction containing H4-20 peptide 
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(100 µM) and reaction buffer (25 mM HEPES (pH 8.0), 0.1 mM EDTA, and deionized water). 

Next, HAT1 (5 nM) was added and the sample was re-incubated at 30°C for 9 mins. The 

samples were quenched and the papers were prepared in the same way as mentioned above. All 

samples were performed in duplicate and were typically within 20% of each other. Data points 

were fitted to equation 4 to determine 𝐾𝑖𝑠 and 𝐾𝑖𝑖 values. 

 

𝑣 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚(1+
[𝐼]

𝐾𝑖𝑠
)+[𝑆](1+

[𝐼]

𝐾𝑖𝑖
)
  (Equation 4) 

Variables: 𝑉𝑚𝑎𝑥, 𝐾𝑚, [𝑆], [𝐼], 𝐾𝑖𝑠, and 𝐾𝑖𝑖 represent the maximum velocity, the Michaelis-

Menten constant, substrate concentration, inhibitor concentration, the inhibition constant for the 

inhibitor binding to the free enzyme, and the inhibition constant for the inhibitor binding to the 

ES complex respectively.
121

 

3.3 Bisubstrate synthesis and purification 

The type B histone acetyltransferase, HAT1, has been noted to acetylate newly 

synthesized histone H4 at Lys5 and Lys12 sites.
104, 117

 We rationalized that bisubstrate inhibitors 

containing the CoA moiety at those respective lysine residues will possess strong inhibitory 

property towards HAT1. To initiate this project, we synthesized several H4-20 peptides with 

CoA motif conjugated at Lys5, Lys8, Lys12, and Lys16, respectively. Lys-CoA and CoA were 

used as control compounds. The Fmoc-based solid phase peptide synthesis methodology was 

applied to obtain each CoA-peptide bisubstrate inhibitor as previously reported.
55

 The synthesis 

route is depicted in Figure 3.1. Briefly, the amino acids consecutively were conjugated to the 

Fmoc-Lysine(Boc) preloaded Wang resin. Lysine containing Dde group was used to conjugate 

with CoA at selected positions. A bromoacetyl linker was constructed on the targeted lysine 

residue which was then used to conjugate CoA to the peptide. After synthesis and purification 
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using C-18 reverse phase HPLC, the identity of each compound was confirmed by MALDI-MS. 

The MS results showed that the observed mass of each bisubstrate inhibitor matched the 

expected molecular weights (Table 3.1). Analytical HPLC confirmed the purity of the 

compounds (Figure S3.1). 

 

 

Figure 3.1: Peptide inhibitor synthesis scheme. These steps were used to synthesize the H4 

peptide inhibitors.   
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Table 3.1: Inhibitor sequences and masses. 

Inhibitor Name  Sequence  Expected 
Mass (Da) 

Observe 
Mass (Da) 

(a) Lys-CoA Ac-Lys(CoA)-NH
2
 998.2 995.1 

(b) H4K5CoA Ac-SGRGK(CoA)GGKGLGKGGAKRHRK 2840.9 2841.8 

(c) H4K8CoA Ac-SGRGKGGK(CoA)GLGKGGAKRHRK 2840.9 2841.8 

(d) H4K12CoA Ac-SGRGKGGKGLGK(CoA)GGAKRHRK 2840.9 2841.8 

(e) H4K16CoA Ac-SGRGKGGKGLGKGGAK(CoA)RHRK 2840.9 2841.6 

The sequence of each peptide is provided along with the calculated molecular weight and the 

molecular weight obtained from the mass spectra. 

 

3.4 IC50 measurements of bisubstrate inhibitors  

Dose-dependent inhibition of HAT1 by each compound was determined using the 

scintillation proximity assay (SPA) with reactions containing 2.5 µM of biotinated H4-20 

peptide (H4-20 BTN), 1 µM of [
3
H]-AcCoA, and 40 nM of HAT1 incubated at 30°C for 20 

min. Signals were read on the MicroBeta reader. Activity data points as a function of inhibitor 

concentration were fitted to the Morrison equation (Equation 1) (Figure S3.2). The observed 

𝐾𝑖
𝑎𝑝𝑝

 value was then used in equation 3 to calculate IC50 values for each compound. Control 

compounds, CoA and Lys-CoA had IC50 values at 41.51 µM and 74.85 µM, respectively, while 

all the H4-CoA bisubstrate inhibitors tested displayed IC50 values below 10 µM. This difference 

in potency is a suggestion of the innate ability of HAT1 to form a tighter binding by recognizing 

various moieties of CoA and the amino acids residues of the H4 substrate. Thus, placing the 

CoA moiety at Lys8 or Lys16 on the H4-20 peptide decreased the IC50  value to 2.63 µM (𝐾i 
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0.92 µM) and 7.17 µM (𝐾i 2.51 µM) respectively. These moderate IC50 values are likely 

because HAT1 does not demonstrate acetylation activity towards Lys8 or Lys16. 

Submicromolar potency of the bisubstrate inhibitor was observed when CoA was placed on 

Lys5 of the H4-20 peptide (IC50 83 nM) (𝐾i 0.022 µM). Impressively, the lowest IC50 value of 

23 nM (𝐾i 1.1 nM) was gained when CoA was positioned at Lys12 (Table 3.2). Such low IC50 

values are most likely because HAT1 has its preferred acetylation positions at Lys5 and Lys12 

on histone H4. In the previous study, Lys-CoA was a potent inhibitor that displayed 

submicromolar inhibition for p300 (IC50 0.98 µM), and H4K12CoA had an IC50 of 4.35 µM for 

p300 which is several folds higher than the IC50 reported against HAT1 in this study.
55

 This 

indicates that among the HATs, H4K12CoA is a highly specific inhibitor for HAT1.  

Table 3.2: 𝑲𝐢
𝐚𝐩𝐩

, 𝐈𝐂𝟓𝟎 and 𝑲𝐢 of each compounds tested with HAT1.  

Inhibitor 𝐾i
app

(µM) IC50 (µM) 𝐾i (µM) 

H4K5CoA 0.063 ± 0.006 0.083 0.022 

H4K8CoA 2.61 ± 0.28 2.63 0.92 

H4K12CoA 0.0030 ± 0.001 0.023 0.0011 

H4K16CoA 7.15 ± 1.33 7.17 2.51 

CoA 41.49 ± 2.55 41.51 14.55 

Lys-CoA 74.83 ± 8.29 74.85 26.24 

The SPA was used to measure the potency of each inhibitor against HAT1. Reactions 

containing 40 nM HAT1, 2.5 µM H4-20 BTN, and 1 µM [
3
H]AcCoA were incubated at 

30°C for 20 min. 𝐾i
app

, IC50, and 𝐾i values were determined using equation 1, 2 and 3 

respectively.  
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3.5 Mode of bisubstrate inhibition 

Further studies were carried out to determine the mode of inhibition of H4K12CoA 

given its high potency in HAT1 inhibition (Figure 3.2). The radiometric filter binding assay 

was used to measure the kinetics of HAT1 in the presence of varying H4-20 peptide and AcCoA 

concentrations and the data obtained were plotted in the Michaelis-Menten format. Steady state 

reaction conditions to determine the kinetic parameters of AcCoA included 100 µM of H4-20 

peptide, 5 nM of HAT1, and 0-10 µM of [
14

C]-AcCoA with a 9 min reaction time at 30°C. To 

determine the mode of inhibition with respect to AcCoA, H4K12CoA was added to the reaction 

mixture at 0 nM, 20 nM, and 100 nM. The velocity data as a function of substrate concentration 

were plotted in both Michaelis-Menten format (Figure 3.3A) and double reciprocal format 

(Figure 3.3C). On the double reciprocal plot, the three straight lines intersect on the y-axis and 

vary on the x-axis indicating that H4K12CoA behaves as a competitive inhibitor towards 

AcCoA (Figure 3.3C). To further verify the mode of inhibition, the Michaelis-Menten data 

points were fitted to the mixed inhibition rate equation (Equation 4) which provided 𝐾𝑖𝑠 of 

0.074 µM and 𝐾𝑖𝑖 of 0.73 µM. The fact that the 𝐾𝑖𝑖 is about 10-fold greater than 𝐾𝑖𝑠 confirms 

that H4K12CoA is a primarily competitive inhibitor in respect to AcCoA (Table 3.3).
121
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Figure 3.2: Potency of H4K12CoA towards HAT1. A) Structure of H4K12CoA. B) Dose 

dependent inhibition of HAT1 by H4K12CoA. 

 

Next, we determined the mode of inhibition of H4K12CoA towards H4-20 peptide. The 

same steady state reaction conditions from above were used with some exception such as 3 µM 

[
14

C]-AcCoA, 20 nM HAT1, and 0-100 µM of H4-20 peptide. When 0 nM, 20 nM or 100 nM 

of H4K12CoA was added to the samples, the double reciprocal graph shows a single 

intersection point on the y-axis and a change in the Km value; thus indicating that this 

bisubstrate inhibitor is also a competitive inhibitor towards H4-20 peptide (Figure 3.3D). 

Michaelis-Menten data points were fitted to Equation 4 to verify the mode of inhibition. The 

values obtained for 𝐾𝑖𝑠 and 𝐾𝑖𝑖 were 0.022 µM and 1.28 µM respectively. Since 𝐾𝑖𝑖 is about 58-

fold greater than 𝐾𝑖𝑠 this confirms that H4K12CoA is a competitive inhibitor in respect to H4-

20 (Figure 3.3B; Table 3.3).
121
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Figure 3.3: Michaelis-Menten data points fitted to the mixed inhibition rate equation and 

Double reciprocal plots. To determine the mode of inhibition in respect to AcCoA, 

H4K12CoA was added to the reaction mixture at 0 nM, 20 nM, and 100 nM. A) Reaction 

conditions to determine AcCoA kinetics include 100 µM H4-20 peptide, 5 nM HAT1, and 0-10 

µM AcCoA, with a reaction time of 9 min. B) Reaction conditions to determine H4-20 peptide 

kinetics include 3 µM AcCoA, 20 nM HAT1, and 0-100 µM AcCoA, with a reaction time of 9 

min. Double reciprocal plots of H4K12CoA against C) AcCoA; D) H4-20.  
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Table 3.3: Kinetics parameters of HAT1 with respect to H4-20 peptide and AcCoA when 

inhibited by H4K12CoA 

 Varying [AcCoA] Varying [H4-20] 

V
max

 3.47 min
-1

 3.81 min
-1

 

K
m
 0.54 µM 8.07 µM 

K
is
 0.074 µM 0.022 µM 

K
ii
 0.73 µM 1.28 µM 

Kinetics in the presence of varying concentrations of H4K12CoA was obtained by fitting the 

Michaelis-Menten data points to the mixed inhibition rate equation. 

 

Analysis of the mode of inhibition for H4K12CoA towards HAT1 demonstrated that it is 

a competitive inhibitor towards both the substrate H4-20, and cofactor AcCoA. This is an 

interesting finding because almost all of the previous bisubstrate inhibitors for 

acetyltransferases were shown to be competitive versus AcCoA but noncompetitive versus 

peptide substrate.
55, 122

 Such a kinetic inhibition pattern is pertinent to the ordered Bi-Bi 

sequential kinetic mechanism of acetyltransferases such as RimI,
123

 AANAT
124

, and PCAF
122

 in 

which AcCoA binds to the active site first followed by substrate binding. Herein, our data on 

the inhibition pattern of HAT1 bisubstrate inhibitor (i.e., competitive versus both AcCoA and 

H4 peptide substrate) indicates that HAT1 does not have a preferred order of AcCoA and H4 

peptide. Such an inhibition pattern, most possibly, supports that HAT1 catalysis follows a 

random sequential kinetic mechanism.
123

 

Although HAT1 is evolutionarily conserved from yeast to humans, the catalytic 

functions of human HAT1 in cells currently remains poorly studied.
23-24

 The solved crystal 

structure of human HAT1 (PDB: 2P0W) does, however, provide hints on the catalytic 
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mechanism and possibly how these bisubstrate inhibitors are recognized and bound.
34

 A ternary 

complex composed of HAT1-AcCoA-H4 peptide was depicted in the crystal structure. Residues 

such as Glu54, Asp62, and Glu64 of HAT1 are responsible for the specificity and anchoring of 

the substrate through the formation of hydrogen bonds. AcCoA binding requires various 

interactions with many different residues. Also, it is speculated that HAT1 catalysis requires a 

general catalytic base from residues Glu187 and Glu276 which aid Asp277 in deprotonating the 

ɛ-amino group of the lysine residue.
34

 These combined interactions bring the amino moiety of 

Lys12 of H4 substrate close to the acetyl group of AcCoA. The distance between the sulfur 

atom of CoA and the epsilon nitrogen of Lys12 of H4 in the HAT1 complex structure is 4.8 Å 

(Figure 3.4A). On the other hand, we estimated the sulfur-nitrogen distance in the H4K12CoA 

bisubstrate inhibitor to be 3.3 Å based on the reported p300-Lys-CoA complex structure (PDB: 

3BIY) (Figure 3.4B). Overall, both measurements are very close which may explain why the 

bisubstrate inhibitors can bind to HAT1 with strong potency, and it also supports H4K12CoA 

binding is located in the active site. Although Lys-CoA can bind to HAT1, its potency is very 

low even compared to CoA (IC50 41.51 µM), indicating that the other amino acid residues of the 

H4 peptide significantly influence the potency to a great degree and are required for enzyme-

substrate binding. In addition, the positioning of the CoA moiety at the proper lysine residue on 

the H4 peptide can also stimulate and further enhances potency. Further investigation of the 

interactions between HAT1 and these bisubstrate inhibitors can provide insight into the greater 

specificity that HAT1 has towards its substrates in comparison to other HATs such as p300 that 

have been reported to be more promiscuous.
57
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Figure 3.4: Distance between AcCoA and the lysine residue and measurements of 

bisubstrate inhibitor. A) Distance measurements between AcCoA and lysine residue. Using 

the crystal structure of HAT1 bound to AcCoA and H4-20 peptide (PDB:2P0W)  measurements 

were done to determine the distance between the carbonyl carbon of AcCoA and the ɛ-amino 

group of the lysine residue. B) Distance between sulfur and amine of lysine residue of 

bisubstrate inhibitor, Lys-CoA. LysCoA was obtained from PDB: 3BIY.  

 

3.6 Conclusion 

To the best of our knowledge, we reported the first set of inhibitors that target HAT1 

with submicromolar potency, thus offering a type of molecular tools to study HAT1 mechanism 

and function. As mentioned previously, HAT1 function is poorly studied, yet it has been linked 

to multiple diseases. To develop appropriate therapeutic agents to target HAT1, it is crucial to 

understand the preferential binding regions of the substrate and cofactor, as well as molecular 

cues to enhance the binding. These bisubstrate inhibitors and particularly H4K12CoA can be 

utilized as chemical probes to give mechanistic insight into the catalytic mechanism and 

structural biology of HAT1. We do acknowledge that these bisubstrate inhibitors may not have 

A)

B)
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ideal pharmacokinetic properties such as plasma membrane permeability issues caused by the 

charged CoA moiety, and metabolic instability.
125

 Nevertheless, chemical modifications with 

membrane-penetrating motifs could generate membrane-permeable probes for both in vitro and 

in vivo applications. Further efforts could also be implemented to develop bisubstrate-based 

fluorescent probes for enzyme imaging and high throughput inhibitor screening. In all, this 

study lays a foundation for the discovery and development of new chemical probes targeting 

HAT1. 
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CHAPTER 4 

HAT1 EXHIBITS CROTONYLATION ACTIVITY AND IS A NOVEL CROTONYLATED 

SUBSTRATE OF P300 

4.1 Introduction 

Post-translational modification (PTM) is a widely studied phenomenon which affects 

protein-protein interactions,
126

 protein localization,
3
 as well as its function,

3
 and the 

deregulation of these modifications has been linked to various diseases.
42

 An extensively 

studied PTM is acetylation, which is conducted by histone acetyltransferases (HATs). HATs 

catalyze the transfer of the acetyl group from acetyl coenzyme A (Ac-CoA) to the ɛ- amino 

group on specific lysine residues on histones and non-histone proteins, and the reversal of this 

reaction is carried out by histone deacetylases (HDACs). HATs are categorized into three main 

families which include GNAT, MYST, and CBP/p300.
17

 Studies have shown that these 

enzymes have critical roles in regulating DNA damage repair, gene regulation, as well as 

protein localization and functions, therefore, their abnormal activity can result in the 

development and progression of various diseases such as cancers,
42, 127

 heart disease,
128

 and 

congenital developmental disorders.
42, 129

 

Besides acetylation, certain HATs have demonstrated to have other acyltransferase 

activity such as succinylation, malonylation, propionylation, butyrylation, and crotonylation 

activity.
79, 130-132

 The crotonylation modification was first identified on histones through mass 

spectrometry.
133

 Just recently, the enzymes responsible for the crotonylation modification have 

been identified. HAT enzymes such as p300,
79

 MOF,
134

 and PCAF
135

 have demonstrated 
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crotonylation activity while HDAC1,
135

 HDAC3,
135

 SIRT1,
136-137

 SIRT2
136-137

 and SIRT3
136-137

 

exhibited decrotonylation activity. In addition, proteomic studies have been carried out to 

identify histone as well as non-histone proteins tagged with this modification.
78-79, 135, 138

 istone 

and non-histone substrates that are crotonylated are involved in various biological activities 

such as gene expression, RNA processing, and chromosome organization.
78, 139

  

The typically active crotonylation mark has been noted to be enriched at transcription 

start sites as well as regulatory elements of activated genes and influences various cellular 

downstream effects.
79, 133

 For example, in round spermatids and elongating spermatids, 

crotonylation has been found to aid in the reactivation of sex chromosome–linked genes and 

histone replacement respectively.
140

 In acute kidney injury, lysine crotonylation on histones 

caused an increased expression in peroxisome-proliferator-activated receptor gamma 

coactivator-1α (PGC-1α) as well as sirtuin-3 and decrease the expression of CCL2 gene which 

has been shown to have a beneficial nephroprotective effect.
141

 This modification has also been 

shown to have a higher activating transcriptional potency than acetylation.
79

 The regulation of 

crotonyl modifications depend on the metabolic state of the cells, the cellular concentration 

levels of the crotonyl CoA, cell stress, and even the gut microbiota.
79, 132, 142-143

 

HAT1, a member of the GNAT superfamily, was one of the first HATs identified; 

however, little is known about its functionality in comparison to other HATs. This HAT enzyme 

localized in both the cytoplasm and nucleus is evolutionary conserved from yeast to humans.
23

 

Some of the biological roles of HAT1 include DNA damage repair and chromatin assembly.
30, 

144
 The most well-known role of HAT1 in the cytoplasm is to acetylate newly synthesized 

histone H4 at lysine 5 and 12.
23

 HAT1 has also been shown to acetylate histone H2A at lysine 

5,
27

 maintain the acetylation marks on histone H3 at lysine 9, 18, and 27 during replication-



 

65 

coupled chromatin assembly,
25

 as well as acetylate non-histone proteins such the promyelocytic 

leukemia zinc finger protein (PLZF)
38

 and MVH.
145

 Dysregulated HAT1 activity has also been 

correlated to several diseases such as cardiovascular diseases, colorectal cancer, liver cancer and 

lung cancer.
26, 35

 

Deletion of the HAT1 gene in yeast, S. cerevisiae, or chicken DT40 cells did not show a 

change in acetylated lysine of histone H4 and resulted in no change in cell proliferation or 

viability.
26

 On the other hand, HAT1 deletion in mammals, specifically in mice, causes neonatal 

lethality due to lung developmental issues.
25

 That same study also showed that HAT1 deletion 

in embryonic fibroblast resulted growth defect, increase sensitivity to DNA damage and 

genome instability. These results suggest that HAT1 plays a major yet not fully understood role 

in mammalian biological systems. 

Proteomic studies looking at protein crotonylation in mammalian cells have shown that 

HAT1 is crotonylated.
78-80

 Due to the poor understanding of HAT1 activity, we wanted to 

determine how this enzyme is associated with crotonylation. The goal of this project is to reveal 

the enzyme responsible for crotonylating HAT1and to determine if HAT1 has crotonylation 

activity. This study was able to show that HAT1 has crotonylation activity toward histone 

substrates. The HAT enzyme responsible for crotonylating HAT1 was identified to be p300, and 

interestingly, the biochemical data showed that when HAT1 is crotonylated, it loses both 

acetylation and crotonylation activity.  

4.2 Materials and methods 

4.2.1 Protein expression and purification 

The expression of p300 HAT domain (1287-1666) was done using the method 

developed by Phil Cole’s lab.
146

 Briefly this protein was expressed using Escherichia coli and 
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purified using chitin beads. The transformation was done using E.coli BL21(DE3)/ RIL 

competent cells through heat-shock and then spread on plates containing both ampicillin and 

chloramphenicol antibiotics. Colonies were harvested and grown at 37 °C in 8 mL then 1L 

cultures of 2xYT media containing both ampicillin and chloramphenicol. Protein expression 

was induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) and shaken for 16 

hours at 16 °C. The cells were collected by centrifugation at 4000 rpm for 25 min, suspended in 

lysis buffer (25 mM Na-HEPES (pH 8), 500 mM NaCl, 1 mM MgSO4, 10 % glycerol, and 2 mM 

phenylmethanesulfonyl fluoride (PMSF)) and then ran through the cell disruptor.  

Chitian resins were equilibrated with column buffer (25 mM Na-HEPES (pH 8), 250 

mM NaCl, 1 mM EDTA, 0.1 % trition X-100 and 1 mM PMSF) before they were used to purify 

the supernatant. The column was thoroughly washed with column buffer and wash buffer (25 

mM Na-HEPES (pH 8), 500 mM NaCl, 1 mM EDTA, 0.1 % trition X-100 and 1 mM PMSF) 

before the CT14 peptide was dissolved in cleavage buffer (25 mM Na-HEPES (pH 8), 250 mM 

NaCl, 1 mM EDTA, 200 mM 2-Mercaptoethanesulfonic acid (MESNA)) and added to the 

column. After the addition of the CT14 peptide in cleavage buffer, the column was set out at 

room temperature for 16 hours. The protein was then eluted from the column, and several 

volumes of cleavage buffer were added to ensure the complete elution of the protein. Further 

purification was done using the NGC fast protein liquid chromatography (FPLC) system by 

Biorad.   The identification of p300 HAT domain was confirmed using a 12 % sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Millipore centrifugal filter and 

Bradford assay were respectively used to concentrate and determine the protein’s concentration. 

Lastly, the protein was aliquoted and stored at -80°C.  
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The expression and purification of HAT1 (20-341) was done following the method 

described Hong Wu et al..
34

 Briefly this protein was expressed using Escherichia coli and 

purified using NTA-ni resin. The transformation was done using BL21 (DE3)/ RIL competent 

cells through heat-shock and then spread on plates containing antibiotics, kanamycin, and 

chloramphenicol. Protein expression was induced by the addition of isopropyl β-D-1-

thiogalactopyranoside (IPTG) and shaken for 16 hours at 16 °C. The cells were collected and 

suspended in lysis buffer (50 mM Na-phosphate (pH: 7.4), 250 mM NaCl, 5 mM imidazole, 5 

% glycerol, 2 mM β-mercaptoethanol, and 1 mM phenylmethanesulfonyl fluoride (PMSF)) then 

disrupted using the cell disruptor. The supernatant was passed through a column containing 

NTA-ni resin equilibrated with column washing buffer (20 mM Hepes (pH: 8), 250 mM NaCl, 

5% glycerol, 30 mM imidazole, 1 mM PMSF) and the resin was washed with column washing 

buffer. Next, the resin was washed with buffer containing a higher concentration of imidazole 

(20 mM HEPES (pH: 8), 250 mM NaCl, 5% glycerol, 50 mM imidazole, 1mM PMSF). The 

HAT1 was eluted with elution buffer (20 mM HEPES (pH: 8), 250 mM NaCl, 5% glycerol, 500 

mM imidazole, 1 mM PMSF). 

 

4.2.2 Western blot analysis 

Recombinant HATs obtained from the methods described above was incubated with 70 

µM crotonyl-CoA and in the presence or absence of 1µg of recombinant human H4-histone 

(NEB, cat# M2504S) in reaction buffer (50 mM HEPES (pH: 8); 1 mM EDTA). The reaction 

took place for 30 min to 1 hr before being separated on SDS-PAGE gels. Proteins were 

transferred to a 0.2 µm nitrocellulose membrane, stained with Ponceau S staining, then blocked 

with 5% non-fat milk prepared in a TBST buffer (Tris-buffered saline, 0.1% Tween) for 1 hr at 
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room temp. Membranes were incubated with primary antibodies overnight at 4°C with genital 

rocking. Next day, membranes were washed with TBST then incubated with secondary 

antibody for 1 hr at room temp with genital rocking.  Membranes were rewashed with TBST 

buffer, and SuperSignal Chemiluminescent Substrates was added to the blot before imaging was 

conducted using Li-cor Odyssey. 

4.2.3 Crotonyl-CoA synthesis 

0.0065 mmol of CoA hydrate (5 mg) was dissolved in 1.5 mL of 0.5 M NaHCO3 (pH: 

8.0) and cooled down on an ice bath. Crotonic anhydride (2 mg, 0.013 mmol) in 1 mL of 

CH3CN/Acetone (1:1 v/v) was added dropwise to the CoA solution. The reaction solution was 

stirred at 4 °C overnight and then quenched by adjusting the pH to 4 with 1 M HCl. The 

reaction mixture was subjected to reverse phase-HPLC purification with gradient 5─45% 

Acetonitrile over 30 min at a flow rate of 5 mL/min; UV detection wavelength was fixed at 214 

and 254 nm. HPLC buffer was 0.05% TFA in water (solution A) and 0.05% TFA in acetonitrile 

(solution B). The fractions were collected and lyophilized after flash-freeze with liquid nitrogen 

to afford the desired product as a white solid (3.8 mg). Based on analytical HPLC the purity was 

99.5% (Supplemental figure S4.4). 

1
H NMR (400 MHz, Deuterium Oxide) δ 8.54 (s, 1H), 8.31 (s, 1H), 6.84 (dd, J = 15.5, 

6.8 Hz, 1H), 6.17 – 6.03 (m, 2H), 4.76 (d, J = 5.8 Hz, 2H), 4.48 (s, 2H), 4.15 (s, 2H), 3.91 (s, 

1H), 3.75 (d, J = 7.2 Hz, 1H), 3.49 (d, J = 7.1 Hz, 1H), 3.33 (t, J = 6.6 Hz, 2H), 3.23 (t, J = 6.4 

Hz, 2H), 2.91 (t, J = 6.4 Hz, 2H), 2.31 (t, J = 6.5 Hz, 2H), 1.73 (dd, J = 6.9, 1.8 Hz, 3H), 0.82 

(s, 3H), 0.69 (s, 3H). 
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4.2.4 H4-20 peptide synthesis 

The first 20 amino acids the N-terminal of histone H4(Ac-

SGRGKGGKGLGKGGAKRHRK) was synthesized on a peptide synthesizer using the Fmoc 

[N-(9-fluorenyl) methoxycarbonyl] -based solid-phase peptide synthesis protocols. The amino 

acids and Lys Wang resin were weighed out with an equivalence ratio four times greater than 

the amount of HCTU [O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate] coupling reagent. The resin was cleaved using trifluoroacetic acid (TFA). 

The peptides were purified using a C-18 reverse phase column on a HPLC (High-performance 

liquid chromatography) instrument, and each sample was sent off for mass spectrometry. Lastly, 

NaOH was used to neutralize the pH. 

4.2.5 Measuring HAT1 activity using filter binding assay 

HAT1 acetylation and crotonylation activity were measured using the filter binding 

assay. The same conditions were applied to all samples to give a clear comparison of HAT1 

versus p300 crotonylation activity.  0.6 µM HAT1 or p300, H4-20 peptide (30 µM) and 

[
14

C]Crotonyl-CoA (30 µM) or [
14

C]Acetyl-CoA (30 µM) incubated in reaction buffer (50 mM 

HEPES (pH: 8.0), 0.1 mM EDTA, and deionized water (dH2O). Then at various time points 

ranging from 30 min to 240 min the reactions were quenched by spreading the mixture onto 

charged P81 filter paper. Filter papers were left to dry for 45 mins before they were washed 

three times with 50 mM NaHCO3 buffer (pH: 9). Lastly, the papers were re-dried, put into vials, 

and quantified using the Beckman Coulter LS6500 scintillation counter after the addition of 

scintillation cocktail to each vial. The yield of each sample was determined and was used to 

obtain product formation.  
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4.2.6 Proteomics to locate histone H4 crotonylation site 

To prep the sample, the protein mixture was first reduced in 20 mM DTT at 56 °C for 1 

hr, and alkylated in 50 mM IAA at room temperature for 40 min in the dark. Then, trypsin was 

added at 1:30 (enzyme/substrate, m/m) and incubated at 37 °C for 16 h. After 2 μL FA was 

added to end the digestion, the digests were desalted by a C18 precolumn and finally dried 

down in a Speed Vac Concentrator (Thermo, Waltham, MA). All samples were stored at -80 °C 

pending further analysis. 

For MS analysis and database search, the tryptic digests were analyzed on a Q-Exactive 

MS (Thermo Fisher Scientific, USA) equipped with an Easynano LC system (Thermo Fisher 

Scientific, USA). The mobile phases were 2% ACN with 0.1% FA (phase A) and 90% ACN 

with 0.1% FA (phase B). A C18 homemade capillary column (75 μm i.d. × 15 cm) was used for 

peptide separation. The Q-Exactive was operated in positive ion data dependent mode. The 

produced *.raw files were searched against the UniProtKB human database (release 2017_04) 

in MaxQuant (1.3.0.5). Mass tolerances for parent ions were set as 7 ppm and 20 ppm for 

fragments. Cysteine carbamidomethylation was searched as a fixed modification. Oxidation 

(M), acetylation (protein N-termini), acetylation (K), crotonylation (K), trimethylation (K), 

dimethylation (KR), methylation (KR) were searched as variable modifications. Reverse 

sequences were appended for FDR evaluation. Peptides were searched using tryptic cleavage 

constraints, and up to 4 missed cleavages. All the identified sites were filtered by localization 

probability > 0.75, score > 40 and further MS/MS manual confirmation. 

4.2.7 Detecting crontylation activity of HAT1 in cells 

HAT1 crotonylation activity was observed in HAT1 knockout and wt MEF cells as well 

as in HEK293T cells with HAT1 overexpressed. MEF cells and HEK293T cells were cultured 
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in Dulbecco’s modified Eagle medium (DMEM- Corning) supplemented with 10% fetal bovine 

serum (FBS-Corning) and 1% antibiotics (Penn/Strep) at 37 °C in 5% CO2. Transient 

transfections were carried out on cells at 90% confluency using Lipofectamine 3000 reagent. 2 

ug of HAT1 plasmid was used to transfect HEK293T cells using instructions provided in 

Lipofectamine 3000 transfection kit. After 24 hrs 60 mM of sodium crotonate was added to the 

cells and the cells were collected at 8, 12 and 24 hrs time points. Cells were washed with PBS 

buffer three times before being resuspended in M-PER buffer containing a protease inhibitor 

cocktail and 30 µM suberoylanilide hydroxamic acid (SAHA). Next, the cells incubated on ice 

for 20 min before being sonicated and centrifuged to remove cell debris. Protein concentration 

was determined using the Bradford assay and protein crotonylation was visualized by western 

blot using pan anti-crotonyllysine antibody (cat# PTM-502). Sodium crotonate (NaCro) was 

prepared by dissolving crotonic acid with deionized H2O and adjusting the pH to 7.4. The final 

product was verified using mass spectrometry. MEF cells were cultured to 80-90% confluency. 

Next, 20 mM of NaCro was fed to the cells and the cells were collected 24 hrs later.  

4.3 Screening HATs for crotonylation activity towards HAT1 

HATs have been noted for acyltransferase activity either by auto-acylation
92

 or acylation 

of other proteins.
147

 To date, the HATs that have been identified to have crotonylation activity 

toward other proteins include p300,
79

 CBP,
135

 MOF,
134

 and PCAF
135

. Proteomic studies looking 

at protein crotonylation in mammalian cells have reported HAT1as a crotonylated substrate.
78-80

 

Therefore, we first wanted to identify the HAT enzyme responsible for crotonylating HAT1. 

Also, because HAT1 is part of the histone acetyltransferase family we also wanted to reveal if 

this enzyme possessed any novel crotonylation activity towards its known substrate histone H4. 

The pan anti-butyryllysine antibody was used, as it was available to us at the time, to visualize 
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HAT crotonylation activity. The crotonyl and butyryl moieties are very similar in structure, and 

it has been noted that pan anti-crotonyllysine antibody can identify butyryl modifications on 

lysine residues; therefore, we were interested to see if the opposite was true.
78

 Indeed, under our 

testing conditions, the pan anti-butyryllysine antibody could detect crotonylation but not 

acetylation activity (Figure 4.1A and B). In addition, crotonylation activity cannot be detected 

when using pan anti-acetyllysine antibody (Figure 4.1C).  

 

Figure 4.1: Verifying Anti-butyryllysine antibody. A) Anti-butyryllysine antibody can detect 

both butyryl and crotonyl modifications. Samples contain crotonyl CoA (70 µM), H4-protein 

(1µg) and  HAT1 (0.5 µM) and was incubated for 1hr at 30°C B) Anti-butyryllysine antibody 

cannot detect acetylation. C) Anti-acetyllysine antibody cannot detect crotonylation. Samples in 

B and C contain crotonyl or acetyl CoA (70 µM), H4-protein (1µg) and HAT1 (0.5 µM) and 

was incubated for 1hr at 30°C. H4 protein modifications were detected by pan-antibutyryllysine 

antibody or pan-antiacetyllysine antibody. 

 

Various HATs were screened using the pan anti-butyryllysine antibody to detect 

crotonylation activity towards HAT1 and histone H4. Histone H4 is observed to be crotonylated 

by TIP60, p300, MOF and HAT1 (Figure 4.2, sample 1, 6, 7, and 18 respectively). These 

results reconfirm previous studies showing p300
79

 and MOF
134

 crotonylation activity, as well as 
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revealing TIP60 and HAT1 as novel enzymes that display crotonylation activity towards histone 

H4.
79, 148

 MORF and HBO1 did not exhibit any crotonylation towards histone H4 or HAT1. Of 

the tested HATs, p300 was the only enzyme able to crotonylate HAT1 (Figure4.2, sample 5; 

bottom band). The top band in sample 5 is indicative of p300 autocrotonylation activity because 

it lines up well with the band in sample 4 which contains p300 and Crotonyl-CoA. None of the 

other HATs displayed autocrotonylation activity (Figure 4.2).  

 

Figure 4.2: Screening for HATs that can crotonylate HAT1 and histone H4. Crotonyl CoA 

(70 µM) was incubated for 1hr at 30°C with various HAT enzymes (0.5 µM), with or without 

histone H4 (1 µg), and HAT1 (0.5 µM). Crotonylation activity was detected using pan-

antibutyryllysine antibody. *Band directly above asterisk denotes position of HAT1.  

 

4.4 Detecting crotonylation activity of HAT1 using mass spectrometry    

The previous experiments showed that HAT1 has crotonylation activity towards histone 

H4 and that p300 was responsible for the crotonylation of HAT1. Attempts were made to locate 

the crotonylation site in HAT1; however, it was unsuccessful and could be due to low 

stoichiometry, or the modification is in un-identified peptide portion. To verify the 

crotonylation activity of HAT1 mass spectrometry was used with H4-20 peptide and histone 
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H4. H4-20 peptide was crotonylated by HAT1, and this was confirmed by MALDI (figure 

S4.1).  

Next, proteomics was used to determine the crotonylation sites on histone H4 by HAT1. 

Three crotonylation sites were detected on histone H4 with high confidence. The crotonylation 

sites identified are at Lys12, Lys16 and Lys31. As mentioned previously, Lys12 and Lys5 are 

widely accepted and known as acetylation sites of HAT1; therefore, the crotonylation of Lys12 

was anticipated due to the fact that it is the preferred substrate.
30

 There has been a report of 

HAT1 also acetylating histone H4 at Lys8 and Lys91; however, for the crotonylation at Lys16 

and Lys31, to our knowledge, there has not been any reports of modification at those sites by 

HAT1(Table 4.1).
33

  

 

 

4.5 HAT1 and p300 Crotonylation vs. Acetylation Products 

As mentioned previously, p300 has been reported to have crotonylation activity,
79

 and 

we have shown that HAT1 can crotonylate histone H4. To compare the acetylation versus 

crotonylation activity of HAT1 and p300, the same conditions were applied to all samples. The 

radioactive filter binding assay was done with 0.6 µM HAT1 or p300, H4-20 peptide (30 µM) 

and [
14

C]Crotonyl-CoA (30 µM) or [
14

C]Acetyl-CoA (30 µM) with various reaction times. 
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Under the listed conditions, HAT1 and p300 both have high yields for acetylated products. 

HAT1 and p300 crotonylation activity are several folds less than the acetylation activity at 

every time point. Although p300 produced more acetylated product than HAT1 at each time 

point, there was less crotonylaed H4-20 peptide in comparison to HAT1 (Figure 4.3).  

 

Figure 4.3: HAT1 crontylation vs. acetylation activity. Filter binding assay was used to 

compare the crotonylation and acetylation activity of HAT1. Reaction conditions include HAT1 

or p300 (0.6 µM) incubated with [
14

C]crotonyl-CoA or [
14

C]acetyl-CoA (30 µM) and H4-20 

peptide (30 µM). At the respective times the product was separated with P81 paper and 

quantified using a scintillation counter. The yield of each sample was determine and used to 

obtain product formation.  

 

4.6 HAT1 crotonylation activity in cells 

Next, we wanted to visualize HAT1 crotonylation activity of histone H4 in mammalian 

cells. Immortalized MEF cells containing endogenous levels or knockout of HAT1 were 

obtained from the Parthun lab.
25

 These cells were treated with 20 mM sodium crotonate and 
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incubated for 24 hrs. HAT1 crotonylation activity was observed in MEF cells containing 

endogenous levels of HAT1 and in cells that had a knockout of HAT1. Crotonylation of histone 

H4 was observed by western blot using a pan anti-crotonyllysine antibody which showed that in 

the absence of HAT1 histone H4 was not crotonylated; however, with HAT1 a band could be 

observed indicating histone H4 was crotonylated. The histone H4 crotonylation band was faint 

which could be due low abundance of free histone H4 (Figure 4.4A).  

Next, HAT1 was overexpressed to obtain a clearer image of HAT1 crotonylating histone 

H4. HAT1 was overexpressed in HEK293T cells using Lipofectamine 3000 reagent following 

the instructions provided in the kit, and the cells were fed with 60 mM of sodium crotonate with 

varying incubation times (0-24 hrs). Without the treatment of sodium crotonate crotonylation of 

histone H4 was not observed (Figure 4.4B, sample 1 and 5); however, with sodium crotonate 

the crotonylation of histone H4 increases with increasing incubation time. In figure 4B sample 

6-8 do not have an overexpression of HAT1 yet crotonylation of histone H4 can still be 

observed. This crotonylation activity could be due to the endogenous level of HAT1 or from 

other HAT enzymes present in these cells. When HAT1 is overexpressed, the crotonylation 

levels of histone H4 at 12 and 24 hrs incubation period is higher in comparison to samples 

containing endogenous levels of HAT1 (Figure 4.4B and C).  
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Figure 4.4: HAT1 crotonylation activity in cells. A) Crotonylation of histone H4 can be 

observed with endogenous levels of HAT1 in wild type MEF cells. Wild type and HAT1 knock 

out MEF cells were fed with 20 mM sodium crotonate and incubated for 24 hrs. B) 

Overexpressed HAT1 had increase histone H4 crotonylation levels as incubation time increase. 

HAT1 was overexpressed in 293T cells and 60 mM of sodium crotonate was added and the cells 

incubated for 8, 12 or 24 hrs. C) Quantified band density of bands in B.  

 

4.7 Histone H4 forms higher molecular weight structures in the presence of crotonyl CoA 

The western blot from figure 4.2 displayed bands at higher molecular weights when 

HAT enzymes were in the presence of crotonyl-CoA and histone-H4. These higher molecular 

bands can be observed very clearly in figure 4.2 (sample 6) with the sample containing p300, 

histone H4 and crotonyl CoA. We wondered if these bands were higher order structures of 

histone H4 and if this phenomenon was acyl-CoA dependent. Propionyl-, butyryl, acetyl-, and 
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crotonyl-CoA were tested with histone H4 in the presence or absence of HAT1 and histone H4. 

Western blot probing for histone H4 confirmed that the higher order molecular weight structure 

was indeed histone H4 and this phenomenon occurred only in the presence of crotonyl-CoA 

(Figure 4.5A) 

 The blot was then stripped and re-probed with monoclonal pan-anti crotonyllysine 

antibody. This antibody was able to detect HAT1 butyrylation, propionylation as well as 

crotonylation activity but not acetylation activity. Higher molecular weight bands can be 

detected clearly when histone H4 is crotonylated by HAT1 (Figure 4.5A, sample 4). 

Spontaneous histone H4 crotonylation labeling can be observed from the faint bands from the 

sample containing just histone H4 and crotonyl-CoA (Figure 4.5A, sample 5).  Non-enzymatic 

labeling is caused by the high energy bond of the thioester moiety of acyl-CoA which has been 

noted to be reactive.
132

 There are no higher molecular weight bands of histone H4 detected 

when propionyl-, butyryl-, or acetyl-CoA was present (sample 6-11). It should also be noted 

that the higher order molecular weight structures were not specific to histone H4. The HAT1 

mutant, HAT1M222G, contains a mutation in the cofactor binding pocket abolishing its 

acetylation activity (data not shown). When this mutant is added at the same concentration as 

histone H4 there are no higher order structures of histone H4 detected (Figure 4.5A, sample 3); 

however, if the mutant is added after histone H4 and crotonyl CoA has incubated for 30 min, 

then higher order structures of histone H4 can be observed (Figure 4.5A, sample 1).  

We suspect that the alkene from the crotonyl group is reacting with nucleophiles such as 

a free amine or thiol moiety from cysteine residues. To test this hypothesis, we incubated 

histone H4 and crotonyl CoA in buffers at pH: 5, 7, 8, and 10. Spontaneous crotonylation can be 

observed at pH: 8, and 10. At a lower pH of 5, there was neither crotonylation nor 
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oligomerization of histone H4 observed. At pH: 7 there is a very faint band representing the 

crotonylation of histone H4 and a slight dimerization band. However, at pH: 8 and 10, there are 

clear indications of histone H4 forming higher molecular weight structures (Figure 4.5B). 

These results are as expected because at higher pH nucleophiles generally become more 

nucleophilic aiding in the attack of the crotonyl moiety at the double bond. 

 

Figure 4.5: Histone H4 forms higher molecular weight structures in the presence of 

crotonyl CoA. A) Acyl CoA (70 µM) and histone H4 (1µg) was incubated for 1hr at 30°C with 

and without HAT1 (0.5 µM) and HAT1M222G (4.45 µM). (+°) M222G was added after 

Crotonyl-CoA and histone H4 incubated for 30min. Crotonylation activity was detected using 

Pan-anticrotonyllysine antibody. B) The higher molecular weight structures of histone H4 

formation is pH dependent. Reactions conditions included histone H4 (1µg) and crotonyl CoA 

(70 µM) incubated at pH 5, 7, 8, and 10. 
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4.8 The abolished acetylation and crotonylated activity of crotonylated HAT1 

So far, our experimental data showed that HAT1 has crotonylation activity towards 

histone H4 and itself is a substrate of p300 that becomes crotonylated. Next, we wanted to 

determine if the crotonyl modification on HAT1 affects its enzymatic activity. A reaction 

mixture containing p300, HAT1 and crotonyl CoA was incubated first to allow for HAT1 

crotonylation to occur. Then, the potent p300 inhibitor, C646
72

 (20 µM), was added to inhibit 

p300. Lastly, histone H4 and AcCoA were added to determine the crotonylated HAT1 

acetylation and crotonylation activity. HAT1 activity was tested at various concentrations of 

C646, and it was determined that with 20 µM of C646 HAT1 crotonylation activity was 

negligibility affected while its acetylation activity decreased to about 20% (Figure S4.2A). It is 

known that this inhibitor is a potent submicromolar inhibitor towards p300 so at 20 µM we are 

confident that p300 would be adequately inhibited.
72

 Indeed, there is a missing band in sample 9 

of figure 4.6 indicating that p300 acetylation activity is fully inhibited with 20 µM of C646; 

however, HAT1 still retains some acetylation activity (sample 5). Sample 1-3 show that p300 

and HAT1 indeed became crotonylated. In the absence of C646, there is a strong acetylation 

band of histone H4 which is due to p300 activity, because in the presence of C646 (sample 3) 

there is no H4-protein acetylation band present which indicates that crotonylated HAT1 has lost 

its acetylation activity (Figure 4.6).  
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Figure 4.6: Acetyltransferase and crotonyltransferase activity of HAT1 acetylation when 

crotonylated by p300. Samples 1-4 was incubated with crotonyl-CoA (70 µM), HAT1 (0.5 

µM) and p300 (0.5 µM) for 30min at 30°C. Then, C646 (20 µM) was added and the sample was 

incubated again for 5 min. Next, acetyl CoA (70 µM), and H4 protein was added and the sample 

was further incubated for 30min at 30°C. Control samples 5-12 incubated for 30min at 30°C 

with the respective components. Modification was identified using pan-antiacetyllysine 

antibody or pan-anticrotonyllysine. 

 

Crotonylation activity of crotonylated HAT1 was determined next (Figure 4.6). As 

shown previously, when HAT1 was in the presence of C646 crotonylation activity is still 

observed (sample 6 and Figure S4.2B); however, there was no crotonylation band present when 
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p300 is incubated with C646 (sample 7, 8 & 4). There are clear bands indicating the auto 

crotonylation of p300 and the crotonylation of HAT1 (sample 1-4 and 10). In the absence of 

C646, there is crotonylation of histone H4 observed which is owed to p300 activity (sample 2). 

When C646 is present there is no crotonylation of histone H4 detected suggesting that 

crotonylated HAT1 lost its crotonylation abilities (sample 3). 

4.9 Conclusion 

As more light is being shed on crotonylation and the gaps in knowledge are filled, a 

better picture of its biological relevance is revealed. Using mass spectrometry, several research 

reports have shown that HAT1 is crotonylated.
78-80

 These data inspired us to further investigate 

which enzyme is responsible for crotonylating HAT1 and the role HAT1 plays in crotonylation. 

Our biochemical results showed that HAT1 displayed crotonylation activity and when tested 

under the same conditions as the known crotonyltransferase, p300, HAT1 had higher 

crotonylation activity than p300 towards H4-20 peptide (Figure 4.3). HAT1 crotonyltransferase 

activity was further verified using mass spectrometry and cellular studies (Table 4.1 and 

Figure 4.5). While some of the other HAT enzymes did display crotonylation activity towards 

histone H4, p300 was the only one tested that was able to crotonylate histone H4 and HAT1 

(Figure 4.2). Furthermore, when crotonylated HAT1 activity was tested, there was no 

acetylation or crotonylation activity detected (Figure 4.6).  

Previous studies by Kaczmerska et al. compared the activity of p300 with various acyl-

CoA including crotonyl-CoA.
131

 The authors showed that p300 had a 62-fold decrease in 

crotonylation activity in comparison to acetylation. The authors correlated this decrease in p300 

activity to the longer chain length of the acyl-CoA which is buried in the lysine substrate-

binding tunnel, and they also hypothesized that there needs to be a ~180° rotation of the 
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carbonyl carbon of the acetyl moiety before the nucleophilic attack can occur. In addition, the 

crotonyl moiety has a more elongated planar conformation due to its rigid unsaturated Cα-Cβ 

bond.
131

 Perhaps this is the reason why we observed low crotonylation activity in comparison to 

acetylation activity of HAT1.  

Discover Studio software was used to dock crotonyl CoA into the HAT1 binding site, 

and its orientation was compared to that of acetyl-CoA (PDB: 2P0W). Next, the docked 

structure was overlapped with the reported HAT1 structure containing AcCoA in the cofactor 

pocket. In general, crotonyl CoA is secured by most of the same residues in the active site that 

was reported to anchor AcCoA.
149

 Our focus was more on analyzing the binding of the crotonyl 

moiety in the pocket. Analysis of the docked structure shows that the crotonyl moiety is secured 

through van der Waals interactions by residues Y282, F185, E276, and A275 (Figure S4.3). 

As mentioned previously, the crotonyl moiety is bigger and more rigid than AcCoA; 

therefore, it may be more difficult for this moiety to get properly localized and positioned in the 

binding pocket. The docking model not only shows the more extended crotonyl group having to 

insert 2.511 Å further into the HAT1 active site, but the carbonyl carbon of the crotonyl moiety 

is pushed further away from the ε-amino group of the lysine residue perhaps making it more 

difficult for the transfer to occur (Figure 4.7A and 4.7B). Measurements from the ε-amino 

group of the lysine residue to the carbonyl moiety of AcCoA and crotonyl CoA is 4.31 Å and 

5.68 Å respectively (Figure 4.7B). Additionally, acetyl-CoA does not insert in a straight linear 

manner, due to the kink in the cofactor binding pocket of HAT1.
34

 This kink may hinder the 

ridged crotonyl moiety from inserting and snaking its way to the acyl transfer site (Figure 

4.7C).  
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Figure 4.7: Crotonyl-CoA docked into the active site of HAT1 (PDB: 2P0W). Crotonyl-

CoA (yellow) was docked into the active site of HAT1 then, the docked structure was overlaid 

with the original crystal structure containing HAT1 bound to acetyl-CoA (pink) and H4-20 

peptide (cyan). A) Docking was done using Discover Studio software which shows that 

crotonyl-CoA has to reach further in the binding pocket. B) Measurements of the crotonyl and 

acetyl moieties are shown in blue. Distances from the carbonyl group of crotonyl-CoA (5.68 Å ) 

and acetyl-CoA (4.31 Å ) to ɛ-amino group of lysine residue are depicted in green. C) Kink in 

HAT1.  

 

It is interesting that HAT1 and crotonylation have been suggested in overlapping 

studies, yet a direct link has not been made between the two, and this study aims at providing 

that link. HAT1 has been shown to be overexpressed at the mRNA level as well as the protein 

level in colorectal cancer.
108

 Seiden-Long et al. studied the transcriptional changes that occurred 
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due to Ki-ras oncogene and hepatocyte growth factor (HGF)/Met signaling in colon cancer. 

Among the transcripts identified in the microarray was HAT1, and the in vitro and in vivo 

expression profiling showed significant HAT1 gene expression changes. When comparing the 

distribution of HAT1, array immunohistochemistry showed HAT1 in normal tissues to be more 

localized in the nucleus at the crypt base; however, in primary and metastatic tumors there was a 

drastic increase in cytoplasmic HAT1.
39

 Just recently, Fellows and coworkers correlated histone 

crotonylation in the colon to short chain fatty acids derived from the gut microbiota.
142

 This 

study tested several tissues for lysine crotonylation activity and of the tissues tested; the brain 

and the colon had the highest levels. In the immunofluorescence microscopy of the colon, the 

proliferative crypt base section was highlighted to be an area of intense crotonylation activity. 

The same area that was depicted in the HAT1 colon cancer study was shown by Fellows et al. to 

have crotonylation activity. Based on these studies and our findings, it may be possible that the 

crotonylation activity found in the colon crypt base is due to HAT1. Future study will be 

warranted to investigate these possibilities. 
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CHAPTER 5 

BIORTHOGONAL PROBE TO IDENTIFY NOVEL SUBSTRATES OF HAT1 

5.1 Introduction 

Post-translational modifications (PTMs) conducted by the evolutionarily conserve 

histone acetyltransferases (HATs) is a widely studied phenomenon that has significant impacts 

on protein-protein interactions,
126

 protein localization,
3
 as well as its function in eukaryotic 

organisms,
3
 and the deregulation of these modifications have been linked to various diseases.

42
 

HATs are categorized into three main families which include GNAT, MYST, and CBP/p300.
17

 

The canonical function of HATs is to transfer the acetyl moiety from acetyl CoA to the ɛ- amino 

group on specific lysines on histones and non-histone proteins and the removal of the acyl 

moiety from lysine residues is carried out by histone deacetylases (HDACs).  

HAT1, a member of the GNAT superfamily, was one of the first HATs identified; 

however, little is known about its functionality in comparison to other HATs. This HAT enzyme 

localized in both the cytoplasm and nucleus is evolutionarily conserved from yeast to humans.
23

 

Some of the biological roles of HAT1 include DNA damage repair and chromatin assembly.
30, 

144
 The most well-known role of HAT1 in the cytoplasm is to acetylate newly synthesized 

histone H4 at lysine 5 and 12.
23

 HAT1 has also been shown to acetylate histone H2A at lysine 

5,
27

 and maintain the acetylation marks on histone H3 at lysine 9, 18, and 27 during replication-

coupled chromatin assembly.
25

 Other than histone substrates there are two non-histone proteins, 

the promyelocytic leukemia zinc finger protein (PLZF)
38

 and MVH (mouse Vasa 

homologue),
145

 that have been reported to be acetylated by HAT1.  
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Deletion of the HAT1 gene in yeast, S. cerevisiae, or chicken DT40 cells did not show a 

change in acetylated lysine of histone H4 and resulted in no change in cell proliferation or 

viability.
26

 On the other hand, HAT1 deletion in mammals, specifically in mice, causes neonatal 

lethality due to lung developmental issues.
25

 That same study also showed that HAT1 deletion 

in embryonic fibroblast resulted in growth defect, increase sensitivity to DNA damage and 

genome instability. In addition, several studies have shown that HAT1 is upregulated and is 

correlated to several diseases such as cardiovascular diseases, colorectal cancer, liver cancer and 

lung cancer.
26, 35

 These results suggest that HAT1 plays a major yet not fully understood role in 

mammalian biological systems. 

To have a better understanding of the roles that HAT1 plays in cells and to reveal its 

novel substrates we will utilize a bioorthogonal probe approach. Previously our lab has 

developed bioorthogonal AcCoA analog probes containing reactive alkyne or azide moieties 

and engineered HATs to have an enlarged active site which were capable of transferring larger 

acyl groups to its substrates.
150

 Next, this proof of concept was tested with p300 as well as 

GCN5, and by using the copper-catalyzed reactive moieties transferred to the substrates pull 

down was then proteomics was conducted. Of the more than four hundred substrates identified, 

two substrates, IQGAP1 and SMC1, were further confirmed as novel substrates of GCN5.
151

  

The goal of this project is to rationally design and demonstrate that the bioorthogonal 

probe approach can be used to label substrates of HAT1. First, various mutations were made to 

augment the cofactor binding site. The various AcCoA analog probes were screened against the 

HAT1 mutants to reveal which one had specificity towards the probes containing the warheads 

and not for AcCoA. HAT1Y282A had the greatest specificity and favorable kinetic results 

toward the acyl CoA analog, 3-AZ, 4-AZ, and 6-HY. As a proof of concept, we were able to 
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confirm that HAT1 Y282A was able to transfer the warhead from 3-AZ to known H4-20 

peptide substrates. Next, by overexpressing HAT1Y282A in mammalian cell successfully 

labeling of substrates was obtained.  

5.2 Materials and methods 

5.2.1 Synthesis of peptide and CoA analogs  

The first 20 amino acids the N-terminal of histone H4(Ac-

SGRGKGGKGLGKGGAKRHRK) (H4-20) were synthesized on a peptide synthesizer using 

the Fmoc [N-(9-fluorenyl) methoxycarbonyl] -based solid-phase peptide synthesis protocols. 

The amino acids and Fmoc-Lysine(Boc) preloaded Wang resin was weighed out with an 

equivalence ratio four times greater than the amount of HCTU [O-(1H-6-Chlorobenzotriazole-

1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] coupling reagent. The peptides were 

purified using a C-18 reverse phase column on a HPLC (High-performance liquid 

chromatography) instrument, and each sample was sent off for mass spectrometry. Lastly, 

NaOH was used to neutralize the pH. 

5.2.2 Obtaining HAT1 wt and HAT1 mutants 

HAT1 mutants were produced using the QuikChange procedure (Stratagene). DNA 

sequencing confirmed all mutations. The expression and purification of HAT 1 (20-341) was 

done following the method described Hong Wu et al..
34

 Briefly this protein was expressed using 

Escherichia coli and purified using NTA-ni resin. The transformation was done using BL21 

(DE3)/ RIL competent cells through heat-shock and then spread on plates containing antibiotics, 

kanamycin and chloramphenicol. Protein expression was induced by the addition of isopropyl 

β-D-1-thiogalactopyranoside (IPTG) and shaken for 16 hours at 16 °C. The cells were collected 

and suspended in lysis buffer (50 mM Na-phosphate (pH 7.4), 250 mM NaCl, 5 mM imidazole, 
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5% glycerol, 2mM β-mercaptoethanol, and 1 mM phenylmethanesulfonyl fluoride (PMSF)) then 

disrupted using the cell disruptor. The supernatant was passed through a column containing 

NTA-ni resin equilibrated with column washing buffer (20 mM Hepes pH8, 250 mM NaCl, 5% 

glycerol, 30 mM imidazole,1 mM PMSF) and the resin was washed with column washing 

buffer. Next, the resin was washed with buffer containing a higher concentration of imidazole 

(20 mM Hepes pH8, 250 mM NaCl, 5% glycerol, 50 mM imidazole, 1mM PMSF). The HAT 1 

was eluted with elution buffer (20 mM Hepes pH8, 250 mM NaCl, 5% glycerol, 500 mM 

imidazole, 1 mM PMSF). 

5.2.3 Acylation fluorescence assay  

The acylation activity of HAT1 and HAT1 mutants was analyzed using the CPM assay. 

To screen the various HAT1 mutants against the CoA analogs, reactions contained 0.04 µM 

enzyme, H4(1-20) peptide (40 µM), and Acyl-CoA (20 µM). Samples were incubated for 1hr at 

30°C. Evaluation of HAT1 Y282A kinetics was also done using the CPM assay with reactions 

carried out at 30°C for 15min and sample conditions were as follows: 0.04 µM enzyme, H4(1-

20) peptide (200 µM), and Acyl-CoA (0-200 µM). All reactions were quenched by the addition 

of CPM dissolved in DMSO then incubated in total darkness for 20 min at room temperature. 

Fluorescence was measured at an excitation and emission wavelength of 392 nm and 482 nm 

respectively.  

 

5.2.4 Labeling substrates in vitro 

Cells were grown to 90% confluency before transient transfection with HAT1Y282A 

plasmid was performed. Transient transfection was done according to the Lipofectamine 3000 

manufactures protocol. Next, 20 mM of 3-AZ sodium salt (Na 3-AZ) or 4-AZ sodium salt (Na 
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4-AZ) was added to the cells. After 12 hrs the cells were collected and lysed using M-PER 

Mammalian Protein Extraction Reagent (ThermoFisher, cat: 78501) containing a protease 

cocktail. Copper click cocktail (40 uM Ak-BTN, 5 mM sodium ascorbate, 0.5 mM BTTAA (2-

[4-((bis[(1-tert-butyl-1H-1,2,3-triazol-4-yl)methyl]amino)methyl)-1H-1,2,3-triazol-1-yl]acetic 

acid), 0.5 mM copper sulfate and DMSO)was added to the cell lysate and reacted for 1 hr at 

room temperature. Loading dye was added to the sample and sample was boiled before running 

the sample on a gradient SDS gel. The proteins were transferred to a membrane, and labeled 

substrates were probed using Streptavidin-Horseradish Peroxidase (HRP) Conjugate (cat: 

21130) 

5.3 Screening CoA Analogs with HAT1 Mutants  

Bulky residues in the HAT1 CoA binding pocket were mutated to smaller residues to 

allow for CoA analogs containing larger acyl moieties to bind and be transferred to substrates. 

Residues: Met222, Val238, Met241, Ala275, Phe278, Ser279, and Tyr282 were mutated to 

smaller residues such as Ala or Gly (Figure 5.1A). HAT1 mutants were obtained through 

QuikChange site directed mutagenesis and the plasmids were sequenced before transformation. 

To screen all the enzymes against various CoA analogs (Figure 5.1B), the CPM assay was 

utilized with reactions containing 40 nM of enzyme, 40 µM of H4-20 peptide, and 20 µM of 

various acyl CoA analogs incubated at 30°C for 1hr. All activity readings were normalized to 

the CPM reading obtained from the reaction containing HAT1wt with Ac-CoA. As expected, 

HAT1 wt had the highest activity with Ac-CoA, 8% activity with 3-AZCoA and less than 5% 

activity for all the other cofactors. According to the crystal structure, residues Ile186, Pro278 

and Tyr282 aid in stabilizing the acyl moiety of AcCoA in the cofactor binding pocket of 

HAT1.
34

 When Pro278 was mutated to Gly there was only10% activity for AcCoA and none for 
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the other cofactors. However, when replaced with an Ala the activity for AcCoA increased to 

40% and there was 10% activity for 3-AZ CoA. This suggests that a residue with a side chain is 

needed at this position to aid in the stabilization of the cofactor. The same phenomenon 

observed with the HAT1P278 mutant was seen with the HAT1Y282. Again, methyl side chain 

of Ala in HAT1Y282A was observed to increase the acyltransferase activity greatly in 

comparison to the HAT1Y282G mutant. HAT1 Y282G had 1% activity with Ac-CoA, less than 

17% activity with 4-PY, 5-HY, as well as 3-AZ, about 20% activity with 4-AZ, and the highest 

activity at 50% with 6-HY CoA. HAT1Y282A had about 6% activity with Ac-CoA, 3% activity 

with biotin CoA, and 61% activity with 4-Py. Activity greater than 80% was observed with 

most of the CoA variants, such as 5-HY, 6-HY, 3-AZ, and 4-AZ (Figure 5.1C). The activity of 

HAT1Y282A towards the CoA analogs was further verified by mass spectrometry (Figure 

S5.1). Due to the drastic difference of HAT1Y282A activity with Ac-CoA versus the CoA 

analogs, this mutant was chosen to be further tested in substrate labeling tests.  
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Figure 5.1: Screening CoA Analogs with HAT1 Mutants. A) Bulky residues surrounding 

HAT1 cofactor binding site that was mutated to smaller residues (PDB: 2P0W). B) Structure of 

CoA analogs. C) Heat map of the activity of various HAT1 screened against CoA analogs using 

the CPM single point assay. Reactions conditions included 40 nM of enzyme, 40 µM H4-20 

peptide, and 20 µM of various acyl CoA with an incubation time of 1hr at 30°C. 
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5.4 Kinetics of HAT1 Y282A with CoA Analogs  

To compare HAT1Y282A acylation activity against the various CoA analogs, kinetic 

analysis was carried out using the CPM assay. Reaction conditions for this assay included 40 

nM of HAT1Y282A, 0.2 mM H4-20 peptide, and 0-0.2 mM of varying acyl CoA. Km values 

were the lowest for 3-AZ CoA (10.3 µM) and 5-HY CoA (11.7 µM). 4-PY CoA had the highest 

km value at 85.9 µM. The activity of HAT1 Y282A towards AcCoA is very low and the kinetic 

parameters could not be accurately obtained. 6-HY CoA and 4-PY CoA had the highest 

turnover rate at 33.2 min
-1 

and 25.4 min
-1

. However, the catalytic efficiency of 6-HY CoA (1.4 

min
-1●

µM
-1

) was the highest with 3-AZ CoA (1.08 min
-1●

µM
-
1) coming in next (Table 5.1; 

Figure 5.2).  

 

 

Figure 5.2: Kinetics of HAT1 Y282A with CoA Analogs. Graphical representation of 

HAT1Y282A activity fitted to the Michaelis–Menten equation. To determine the kinetics of 
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HAT1Y282A against various CoA analogs, reactions containing 40 nM of HAT1Y282A, 200 

µM H4-20 peptide, and 0–200 µM of various acyl CoA were incubated for 15 min at 30°C. 

 

Table 5.1: Kinetics analysis of HAT1Y282A activity against various CoA 

analogs.  

Cofactor  kcat (min
-1

) Km (µM) 

kcat/Km  

(min
-1

*µM-
1
) 

3-AZ CoA 11.1 ± 0.3 10.3 ± 1.2 1.08 

6-HY CoA 33.2 ± 2.3 23.7 ± 5.2 1.40 

5-HY CoA 9.8 ± 0.8 11.7 ± 2.6 0.84 

4-AZ CoA 13.15 ± 0.6 17.4 ± 2.6 0.76 

4-PY CoA 25.4 ± 0.8 85.9 ± 5.9 0.30 

AcCoA  NA > 200 0.08^ 

Kinetics in the presence of varying concentrations of CoA analogs was obtained 

by fitting data points to the Michaelis-Menten equation. ^This kcat/Km value 

was determined by its slope.  

 

5.5 HAT1Y282A Labeling vs. Spontaneous Labeling  

The thiol moiety of acyl-CoA has an intrinsic reactive nature and has been reported to 

spontaneously transfer the acyl moiety.
152-153

 We wanted to determine how much of the acyl 

labeling was spontaneous versus being promoted by the enzyme. Due to the favorable kinetics 

results of 6-HY CoA, 3-AZ CoA, and 4-AZ CoA towards HAT1Y282A, the spontaneous vs. 

enzymatic transfer of these CoA analogs was tested. With enzyme, 3-AZ and 4-AZ had the 

highest observed labeling of histone H4 while 6-HY had the lowest (Figure 5.3, sample 1-3). 

Without HAT1Y282A, the labeling of histone H4 did occur for all three CoA analogs. The 
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labeling intensity of 6-HY and 4-AZ CoA with and without enzyme were very similar (Figure 

5.3, sample 4 and 6). However, for 3-AZ-CoA the labeling intensity was greater with 

HAT1Y282A in comparison to the spontaneous labeling; therefore, this CoA analog will be 

further tested (Figure 5.3, sample 5). Spontaneous labeling from reagents used in the click 

chemistry was also tested. Slight labeling of histone H4 was observed with alkyne-

tetramethylrhodamine (sample 7) but not with alkyne-tetramethylrhodamine (sample 8) (Figure 

5.3). 

 

Figure 5.3: HAT1Y282A Labeling vs. Spontaneous Labeling. A) All reactions were carried 

out at 30°C for 1hr before click cocktail was added. Reactions in samples 1-3 contained 2 µM 

HAT1Y282A with 1.5 µg histone H4 and 20 µM of 6-HY, 3-AZ CoA, and 4-AZ CoA 

respectively. Samples in lane 4-6 contained the same components except HAT1Y282A was not 

added. Sample 7 contained histone H4 and alkyne-tetramethylrhodamine while sample 8 

contained histone H4 and azide-tetramethylrhodamine. B) Quantification of the fluorescent 

histone H4 bands. 

 

5.6 HAT1Y282A Labeling H4-peptides  

The CoA analog, 3-AZ-CoA, was used to verify HAT1Y282A labeling of various H4-

peptides. Reactions containing 20 µM 3-AZ CoA, with or without 0.2 µM HAT1Y282A, and 40 
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µM of various H4- peptide was incubated at 30°C for 1hr before click cocktail was added. As 

mentioned previously, HAT1 acetylates histone H4 at K5 and K12. Expectedly in Figure 5.4, 

labeling was detected with samples containing enzyme and H4 (1-20) (sample 1) or H4(1-22) 

(sample 2) peptide and not with the sample containing enzyme and H4(15-38) (sample 3) 

peptide. In the gel as well as the graph of the band intensity, there was minor spontaneous 

labeling in the samples with no enzyme (Figure 5.4 A and B, sample 4-6).   

 

Figure 5.4: Labeling various H4-peptides using HAT1Y282A. A) Reactions containing 20 

µM 3-AZ CoA, with or without 0.2 µM HAT1Y282A, and 40 µM H4- peptide was incubated at 

30°C for 1hr before click cocktail was added and gel was de-stained overnight. Gel was imaged 

at excitation of 532nm and emission of 580nm. B) Quantification of the fluorescent histone H4 

peptide bands. 

 

5.7 Labeling substrates in cells 

Next, we wanted to show that this bioorthogonal probe system could work in cells. 

HEK293T cells were transiently transfected with HAT1Y282A plasmid following the 

Lipofectamine 3000 manufactures protocol and were fed with 20mM Na 3-AZ or Na 4-AZ. 
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After 12 hrs of incubation, the cells were collected, lysed, reacted with a copper click cocktail 

containing alkyne biotin and labeled substrates were probed by western blot using Streptavidin-

Horseradish Peroxidase (HRP) Conjugate. The controls show that there was little labeling for 

samples that did not have an overexpression of HAT1Y282A or was not fed with the probe 

(Figure 5.5, sample 1 and 4-6). Sample 3 had the overexpression of HAT1Y282A and was fed 

with Na 4-AZ. This sample did have slightly more substrates labeled than the control (Figure 

5.5, sample 6); however, a greater number of substrates was labeled when the samples were fed 

with Na 3-AZ (Figure 5.5, sample 2).     
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Figure 5.5: Labeling substrates in cells using HAT1Y282A. HAT1Y282A was transiently 

transfected in HEK293T cells following the Lipofectamine 3000 manufactures protocol. Cells 

were fed with 20 mM of 20mM Na-3AZ or Na-4AZ then incubated for 12 hrs. Cell lysate was 

reacted with a copper click cocktail containing alkyne biotin and probed by western blot using 

Streptavidin-Horseradish Peroxidase (HRP) Conjugate. 

 

5.8 Conclusion 

The histone code is comprised of three important components writers, readers, and 

erasers. Of the writers, lysine acetylation plays one of the most prominent roles in protein 
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modification because this modification can determine normal or disease development.
154-155

 

HAT1 is the first histone acetyltransferase identified and is conserved yeast to mammalians; 

however, it is poorly studied in comparison to other HATs.
23

 Although deletion of the HAT1 

gene in yeast, S. cerevisiae, or chicken DT40 cells did not show a change in acetylated lysine of 

histone H4 and resulted in no change in cell proliferation or viability; deletion in mammals did 

cause notable developmental issues.
26

 More specifically, the deletion in mammals was done in 

mice and it was observed that it caused neonatal lethality due to lung developmental issues.
25

 

That same study also showed that HAT1 deletion in embryonic fibroblast resulted in growth 

defect, increase sensitivity to DNA damage and genome instability. These results suggest that 

HAT1 plays a major yet not fully understood role in mammalian biological systems.  

Some of the biological roles of HAT1 include DNA damage repair and chromatin 

assembly.
30, 144

 The most well-known role of HAT1 in the cytoplasm is to acetylate newly 

synthesized histone H4 at lysine 5 and 12.
23

 HAT1 has also been shown to acetylate histone 

H2A at lysine 5,
27

 maintain the acetylation marks on histone H3 at lysine 9, 18, and 27 during 

replication-coupled chromatin assembly,
25

 as well as acetylate non-histone proteins such the 

promyelocytic leukemia zinc finger protein (PLZF)
38

 and MVH.
145

 Dysregulated HAT1 activity 

has also been correlated to several diseases such as cardiovascular diseases, colorectal cancer, 

liver cancer and lung cancer.
26, 35

 Due to the diseases that have been correlated to HAT1 activity 

and the gap in knowledge we have about its substrates, we think that it is important to further 

investigate and reveal unknown substrates of this enzyme.  

To tackle this challenge and reveal novel substrates of HAT1, we utilized and 

implemented the bioorthogonal probe approach that was previously developed in our lab.
150

 

This bioorthogonal probe approach exploits AcCoA analog probes containing reactive alkyne or 
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azide moieties and engineered HATs that have augmented active site and is capable of 

transferring larger acyl groups to its substrates.
150

 Of the engineered HAT1 enzymes, 

HAT1Y282A had the highest activity with the modified CoA analogs and very little activity 

with AcCoA, thus it will recognize and label substrates with the cofactor containing the reactive 

warhead. 3-AZ was tested to have the most desirable labeling with HAT1Y282A. The kinetics 

of 3-AZ was favorable and there was less spontaneous labeling observed. In addition, when 

labeling substrates in cells 3-AZ was able to label more substrates with low background levels. 

The evidence provided here demonstrates that perhaps HAT1 plays a more prominent role in 

cells and that it has many unknown substrates that should be further investigated. 
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CHAPTER 6 

SUMMARY AND FUTURE DIRECTIONS 

Summary and future directions 

HATs have become a sought-after target due to its link to many diseases including 

cancer and inflammatory disease to cardiovascular disease.
58, 156

 Many inhibitors ranging from 

small molecules to natural product derivatives and bi-substrate inhibitors have been identified 

for HATs; however, due to the unfavorable properties such as poor cell permeability, metabolic 

instability, low potency, little selectivity, or being Pan Assay INterference compoundS (PAINS) 

they could not further advance to therapeutic agents.
77

 These issues have not only hindered our 

efforts towards a therapeutic discovery targeting HATs, but some of the PAINS compounds 

which have not undergone a counter screen have cast doubts in the published HAT inhibitors. 

Therefore, the challenge in the HAT field is to identify other inhibitors that do not possess 

PAINS moieties and have better pharmacokinetic properties. The challenges not only lie there 

but also in the disadvantages of the existing assays used to detect HAT activity.  

As mentioned previously, many disadvantages lie in the current assays used in high 

throughput screenings to detect HAT activity. The reported methods to detect HAT activity fall 

into two major categories: radiometric and fluorescence. Some of the radiometric assays include 

the gold standard filter binding assay, and the flash plate assay. The major disadvantages of the 

filter binding assay are that it is very time consuming and it generates large amounts of 

radioactive waste. For the flash plate assay, it was shown that the histones have the intrinsic 
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ability to bind to the surface of the wells, thus causing the homogeneity of the mixture to be 

questioned. 

High throughput fluorescence assays developed include the CPM and the cell-based 

ELISA assay. The CPM assay has been reported to react with reducing agents such as DTT in 

reaction mixtures and to compounds that have free thiols.
51

 These non-specific reactions result 

in false positive leads which can be costly and time-consuming. In the cell-based ELISA assay, 

whole cells instead of recombinant enzymes are used which makes the identification of the 

target more challenging. Also, since this assay utilizes antibodies there can be nonspecific 

binding as well as variability from batch to batch.  

Due to those challenges that exist in the reported assays used to detect HAT activity, we 

have developed the scintillation proximity assay (SPA) that serves as a solution to all of those 

issues. During the development of this assay, it was noticed that electrostatic interaction exist 

between the histone peptide and AcCoA; therefore, to provide unbiased results for HAT activity 

measurement using the SPA, several chemical agents were studied to determine the best 

quencher (Figure 2.3). The ideal quencher had to disrupt the substrate-cofactor electrostatic 

interaction, stop the reaction, and not interfere with the biotin and streptavidin interaction. Of 

the reagents tested, guanidine HCl and NaHCO3 were determined to be the most suitable 

quencher that satisfied all the requirements. The development of the SPA provides a simple mix 

and measure assay which can be implemented in a 96-well format as well as offers high 

sensitivity, efficiency and is qualified to be used in a HTS fashion. 

In addition to assay development, this project also had a specific focus on HAT1. HAT1 

was targeted because among the HATs it is considered to be poorly studied, and has been linked 

to various detrimental diseases such as cardiovascular disease, immunological disease, and 
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many cancers. To fill in the knowledge gaps and to aid in the discovery of inhibitors targeting 

HAT1, the SPA was used to identify the first potent inhibitors of HAT1. This inhibitor provided 

insight into the catalytic mechanism of this enzyme. Next, we wanted to explore novel cofactors 

and substrates for HAT1. In our search, not only did we reveal that p300 was the enzyme 

responsible for crotonylating HAT1, but HAT1 was also discovered to have crotonylation 

activity towards histone H4. The crotonylation of HAT1 exposed that this modification disabled 

the acetylation and crotonylation activity of this enzyme. Lastly, the biorthogonal approach was 

rationally taken and designed to identify novel substrates of HAT1. As a proof of concept, we 

were able to show that the biorthogonal approach was effective in labeling substrates of HAT1.  

In conclusion, this project not only allowed for the development of SPA, an improved 

assay to detect HAT activity, but the use of this assay was identify new HAT inhibitors and 

shed more light on the catalytic mechanism of HAT1. In addition, this work also revealed a 

novel crotonylation activity on and by HAT1 and that a biorthogonal proof of concept of the 

approach could be utilized to label substrates of HAT1. With our improved comprehension of 

HAT1 and its functions, the following future studies shall be conducted to strengthen the 

foundation of this enzyme further: 

(1) Extracting the information obtained from the identified potent bisubstrate 

inhibitors to discover improved inhibitors targeting HAT1.  

Not a lot is known about the catalytic mechanism of HAT1, and from the solved crystal 

structure some speculations have been made, but confirmation has not been entirely made.
24, 149

 

In this instance, inhibitors can be a handy molecular tool because they can be used as probes to 

dissect the catalytic mechanism of an enzyme further. The development and use of the SPA 

allowed us to identify the very potent bisubstrate inhibitor, H4K12CoA. This discovery was not 
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only the first reported inhibitor which specifically targeted HAT1, but also exposed information 

about the catalytic mechanism of the enzyme. Interesting kinetic analysis of this enzyme and 

inhibitor with respect to cofactor as well as substrate showed that it was competitive towards 

both (Figure 3.2 and Table 3.3). These results suggested that unlike most other HAT members, 

HAT1 does not have a preferred binding order for AcCoA and H4 peptide, thus likely follows a 

random sequential kinetic mechanism. From testing the different inhibitors in this study, it was 

also shown that the placement of CoA, as well as the length of the peptide, effected on the 

potency of the inhibitor. A limitation of H4K12CoA is the charged CoA moiety that causes cell 

permeability issues. In the future more, efforts could be made to improve this inhibitor by 

adding chemical modifications that introduce membrane-penetrating motifs. Furthermore, by 

using the information obtained in this study structure activity relationship (SAR) studies could 

be conducted to rationally design and fine-tune new inhibitors with the desired pharmacokinetic 

properties. The work from this study provided some insights on the catalytic mechanism of 

HAT1; however, further investigation perhaps by solving a crystal structure of HAT1 and the 

bisubstrate inhibitor, or mutational studies on HAT1 could be carried out to obtain a full 

understanding of this mechanism.  

In all, this work presented the first bisubstrate inhibitor, H4K12CoA, which is both 

potent and selective towards HAT1. The identification of H4K12CoA provides a foundation 

and guidance for the discovery of other inhibitors targeting. Although this compound may have 

cell permeability issue, it has not reported as a PAINS, therefore, can still serve as a probe. As a 

probe, this inhibitor can allow us to understand the catalytic mechanism and interactions of 

various residues better, thus aiding in the rational design of an inhibitor with improved 
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properties. Besides, modifications to this compound can be carried out to address the 

permeability challenge. 

 

(2) Determining if HAT1 is involved in any other acyl activity may aid in the discovery 

of inhibitors targeting HAT1. 

Proteomic studies looking at protein crotonylation in mammalian cells by several other 

groups showed that HAT1 was among the identified substrates that were crotonylated.
78-80

 

These studies captivated our interest to investigate what enzyme is responsible for modifying 

HAT1 with the crotonyl moiety. To our surprise, not only were we able to identify p300 as the 

HAT enzyme responsible for crotonylating HAT1 but also discovered the novel crotonylation 

activity of HAT1 towards the substrate, histone H4 (Figure 4.2). In addition, this study was 

able to show that when HAT1 is crotonylated, it loses its acetylation and crotonylation abilities 

(Figure 4.6).   

HAT1 and crotonylation have been suggested in overlapping studies such as when 

looking at the colon. In one study, HAT1 was shown to be overexpressed at the mRNA level as 

well as the protein level in colorectal cancer.
108

 Then when comparing the distribution of HAT1, 

array immunohistochemistry showed HAT1 in normal tissues to be more localized in the 

nucleus at the crypt base; however, in primary and metastatic tumors there was a drastic 

increase in cytoplasmic HAT1.
39

 Just recently, Fellows and coworkers tested several types of 

tissues and was able to correlated histone crotonylation in the colon to short chain fatty acids 

derived from the gut microbiota.
142

 It is interesting to note that in the immunofluorescence 

microscopy of the colon, the proliferative crypt base section was highlighted to be an area of 

intense crotonylation activity. This was the same area depicted in the HAT1 colon cancer study 
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that was shown by Fellows et al. to have crotonylation activity. Our study was able to provide a 

link between HAT1 and crotonylation; however, further studies should be conducted to confirm 

if HAT1 plays a role in modifying proteins in the proliferative crypt base section of the colon 

with the crotonyl moiety. 

When looking into the acylation activity of HAT1. We also tested the activity of HAT1 

with propionyl CoA and butyryl CoA which showed that it also had activity with these 

cofactors (Figure 4.5). The identification of HAT1 crotonylation is the first report of HAT1 

displaying activity other than acetylation. In the future, the activity of HAT1 with these various 

acyl CoAs should be further explored. Also, since p300 has been reported to have 

propionylation and butyrylation activity, it would be interesting to see if p300 could add these 

modifications onto HAT1.
130

  

Currently, it has been reported that the HAT enzymes: p300,
79

 MOF,
134

 and PCAF
135

 

have crotonylation activity. Besides HAT1 crotonylation activity, the results from our study also 

revealed that TIP60 displayed crotonylation activity towards histone H4 which to our 

knowledge has not been reported (Figure 4.2). In the future, we would like to investigate this 

further to provide a full understanding of the impact TIP60 crotonylation activity has.  

Overall, not a lot is known about HAT1 or the newly discovered crotonylation 

modification; however, this study was able to shed more light on these two topics. This work 

was able to reveal the novel crotonylation activity of HAT1 and TIP60, demonstrate the effect 

that the crotonyl modification had on HAT1, and reveal another substrate of p300. These 

findings have not only expanded our knowledge of HAT1 activity, but also provided possible 

links to correlate numerous studies which should be further verified.  
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(3) Identify and confirm the novel substrates of HAT1 obtained using the 

bioorthogonal probe design.  

Our understanding of HAT1 activity is insufficient. To date, reports have shown that 

HAT1 only has two histone substrates and two non-histone substrates. Rationally identifying or 

designing an inhibitor for an enzyme requires a great understanding of its substrates because it 

will offer clues on how the enzyme binds to molecules. To expose other substrates of HAT1, we 

explored the bioorthogonal approach. In this approach, mutations were introduced to the 

cofactor binding pocket to augment it, thus allowing slightly larger analogs of acyl CoA 

containing a reactive warhead to enter and be transferred to substrates. Through copper-

catalyzed alkyne-azide cycloaddition click chemistry, the reactive warhead be would conjugated 

to a fluorophore or biotin allowing for further analysis. This work served as a proof of concept 

to show that this approach could be implemented on HAT1. After generating various HAT1 

mutants and undergoing the screening with the various CoA analogs, it was determined that 

HAT1Y282A was the most promising mutant. HAT1Y282A was active towards the warhead 

containing cofactors and had little activity towards Ac-CoA (Figure 5.1). Using this mutant, we 

were able to conduct kinetic studies and show that that labeling of the known histone H4 could 

be done. Lastly, HAT1Y282A was overexpressed in HEK293T cells, and the labeling of 

substrates was observed (Figure 5.5). 

Overall, the evidence in this work demonstrates that perhaps HAT1 plays a more 

prominent role in cells and that it has many unknown substrates that should be further 

investigated. This study can be used as a guide to identify novel substrates of HAT1 and fill in 

the knowledge gap. In the future, using this rationally designed bioorthogonal approach, we 
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would like to do pulldowns of the substrates labeled by the engineered HAT1. The proteins 

obtained through the pulldown would then be submitted for proteomics to identify substrates of 

HAT1. Information from this can be used to aid in fully understanding biological functions of 

HAT1 in normal physiology and in diseased conditions. 
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APPENDICES 

A Supporting information for Chapter 2 

 

Figure S2.1. Concentration-dependent activity of p300. Experimental conditions include 0-0.05 

M p300, 2.5 M H3-20 BTN, 1 M [
3
H]-AcCoA, reaction time 6 min at 30°C. Red line 

indicates 0.025 M of p300 
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Figure S2.2. The time course of p300 activity. Experimental conditions include 10 nM, 25 nM, 

or 40 nM p300, 2.5 M H3-20 BTN, 1 M [
3
H]-AcCoA, reaction time 0-15 min at 30°C. Red 

line indicates 6 min of reaction time. 

 

Figure S2.3. Effect of various concentrations of NaCl on the interaction of H3(1-20)-Biotin 

with 
3
[H]Ac-CoA. Conditions include: 2.5 µM H3(1-20)-BTN, 1 µM [

3
H]Ac-CoA with an 

incubation time of 6 min at 30°C. To quench reaction 30 L of NaCl at various concentrations 

was added. Negative control samples were quenched with 0.5 M guanidine HCl. 
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Figure S2.4. Effect of various concentrations of sodium phosphate (pH 8.0) on the interaction 

of H3(1-20)-Biotin with 
3
[H]Ac-CoA. Conditions include: 2.5 µM H3(1-20)-BTN, 1 µM 

[
3
H]Ac-CoA with an incubation time of 6 min at room temperature. To quench reaction 30 L 

of sodium phosphate at various concentrations was added. Negative control samples were 

quenched with 0.5 M guanidine HCl.  

 

 

Figure S2.5. Effect of NaCl on p300 activity. Conditions for filter binding assay included 0.025 

µM p300, 100 µM H3(1-20), 1 µM [
14

C]Ac-CoA, 0-500 mM NaCl, and an incubation time of 6 

min at 30°C. To quench the reaction, 20 µL of each reaction mixture was spread out on a 

Whatman filter binding paper. IC50 was determined by fitting the data to the equation 
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𝒚−𝒚𝒎𝒊𝒏

𝒚𝒎𝒂𝒙−𝒚𝒎𝒊𝒏
=

𝟏

(𝟏+
[𝑰]

[𝑰𝑪𝟓𝟎]
)𝒉

 , Where 𝒚𝒎𝒂𝒙, 𝒚𝒎𝒊𝒏, h and [𝑰] are maximum and minimum SPA signals 

on the y-axis, hill coefficient, and inhibitor concentration respectively.
95

 

 

Figure S2.6. p300 activity was partially inhibited by sodium phosphate (pH 8.0). Conditions for 

filter binding assay included 0.025 µM p300, 100 µM H3(1-20), 1 µM [
14

C]Ac-CoA, 0-100 mM 

sodium phosphate, and an incubation time of 6 min at 30°C. To quench the reaction, 20 µL of 

each reaction mixture was spread out on a Whatman filter binding paper.  
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B Supporting information for Chapter 3 

Figure S3.1: Analytical spectrum of bisubstrate inhibitors. The purity of all peptides was 

determined via reverse phase chromatography along a gradient of 3-30% acetonitrile over 13 

minutes. The samples were analyzed using a UV detector at 214nm, and the intensities of the 

signals were quantified to calculate the percent composition of the sample. Purity >89% (based 

on HPLC). 
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Lys-CoA 

 

 

Figure S3.2: Fitting data to Morrison equation to obtain 𝑲𝐢
𝐚𝐩𝐩

 values of each compounds 

tested with HAT1. The SPA was used to measure the potency of each inhibitor against HAT1. 

Reactions containing 40 nM HAT1, 2.5 µM H4-20 BTN, and 1 µM [
3
H]AcCoA were incubated 

at 30°C for 20 min.  
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C Supporting information for Chapter 4 

 

Supplemental figure S4.1: A) MALDI of control sample containing just H4-20 peptide (20 

µM) and crotonyl CoA (20 µM) 
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B) MALDI of crotonylated H4-20 peptide. Sample contained HAT1 (0.8 µM), H4-20 peptide 

(20 µM)and crotonyl CoA (20 µM). 

 

 

Supplemental figure S4.2: A) The affects of inhibitor C646 on the acetylation and 

crotonylation activity of HAT1. A) HAT1 acetylation activity in the presence of C646. B) 

HAT1 crotonylation activity in the presence of C646. Acyl CoA (70 µM) and H4-protein 

(1µg) was incubated for 1hr at 30°C with and without HAT1 (0.5 µM) and varying 

concentrations of C646 (0-20 µM). H4 protein modifications were detected by pan-

anticrotonyllysine antibody or pan-antiacetyllysine antibody. Bar graphs represent the 

quantified band detected on the western blot.  
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Supplemental figure S4.3: Docking crotonyl CoA into cofactor pocket of HAT1. Residues 

of HAT1 that anchor Crotonyl CoA into the cofactor binding site.  
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B)
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Supplemental figure S4.4: Synthesis of crotonyl CoA. A) Synthetic scheme of crotonyl CoA 

synthesis. B) NMR spectrum of crotonyl CoA. C) Purity analysis using HPLC. D) MALDI 

spectrum of crotonyl CoA. 
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D Supporting information for Chapter 5 

Figure 5.1S: MALDI of HAT1wt and HAT1Y282A with CoA analogs 
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