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ABSTRACT 

 Chemically diverse acylations on protein lysines have emerged as important 

posttranslational modifications (PTMs) that regulate many cellular processes such as gene 

transcription, cell cycle, and apoptosis. Lysine acylations are driven by lysine acetyltransferases 

(KATs) that can covalently deposit acyl group to the -amino group of lysine residues from acyl-

CoA molecules. Many studies have demonstrated that dysregulation of lysine acylation due to 

the dysfunction of KATs or abnormal fluctuation of acyl-CoA level may lead to the occurrence 

and progression of various diseases. Elucidation of the regulatory mechanisms of lysine 

acylations and their biological outcomes has profound significance to understand the 

pathophysiological mechanisms of the related diseases and develop effective therapeutic 

approaches towards them.  

Here, we report our efforts in the studies of novel functions and activities of KAT enzymes. 

We designed and synthesized an acetyl-CoA surrogate 3-azidopropionyl-CoA (3AZ-CoA) that 

can specifically react with the wild type KAT p300 and the mutant KAT GCN5-T612G. Based 

on the application of 3AZ-CoA, we developed an activity based protein profiling (ABPP) 

approach for valid profiling of KAT sub-acylome and identified hundreds of substrates for p300 



and GCN5 KAT enzymes. By welding the application of 3AZ-CoA with fluorescence resonance 

energy transfer (FRET), we designed and validated a mix-and-read method for KAT activity 

measurement. This method can directly quantify the production of acylated protein in a fast, 

sensitive, and accurate way. We also discovered the novel activity of KAT enzymes from the 

MYST family as lysine propionyltransferases. The western blot and proteomic data suggested 

that one of the MYST members, MOF is able to propionylate both histone and non-histone 

proteins and has a partially distinct propionylome than other lysine propionyltransferases. The 

crystal structure of MOF bound with propionyl-CoA provides structural insights of how MYST 

KATs carry out lysine propionylation. Last but not least, we defined lysine isobutyrylation as a 

novel PTM on histone lysines and HAT1 as a potential isobutyryltransferase. Together, the 

present work provides valuable insights in understanding the regulatory mechanism of lysine 

acylations and the functions of KATs.  
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CHAPTER 1 Introduction and Literature Review 

Posttranslational modifications (PTMs) in both prokaryotes and eukaryotes such as protein 

phosphorylation, acetylation, methylation, and ubiquitination diversify protein functions and 

activities by altering protein stability, localization, and protein-protein interaction, etc.1-3 Lysine 

acetylation is an essential PTM that is associated with many cellular processes such as 

transcription activation, cell cycle, signal transduction, and cellular metabolism.4-7 Lysine 

acetylation was first identified in 1964 by Allfrey et al., who demonstrated that lysine acetylation 

alleviated the inhibitory effects of histone proteins on RNA synthesis.5 Since then, several 

mechanistic studies revealed that lysine acetylation activates gene transcription through two 

mechanisms: First, histone acetylation neutralizes the positive charges on histone lysine residues, 

which weakens the charge-charge interaction between lysine residues and nucleotides. This leads 

to the disassembly of the highly compacted nucleosomal structure, which enables the binding of 

transcription activators to the unwind DNA and initiation of gene transcription.8 Second, lysine 

acetylation alters chromatin structure and recruits reader proteins that specifically recognize 

acetylated histones via specialized structural folds such as bromodomain proteins.9 With one or 

two mechanisms working individually or together, histone lysine acetylation was known as an 

important mechanism to regulate chromatin dynamics and gene transcription (Figure 1.1).  

Lysine acetylation is driven by histone/lysine acetyltransferases (HATs/KATs), also  

known as the “writers”, which transfer the acetyl group from acetyl-Coenzyme A (Ac-CoA) to 

the -amino group of lysines with the formation of an amide bond. This process can be reversed 

by the “erasers”, histone/lysine deacetylases (HDACs/KDACs) (Figure 1.2). Since the first KAT 
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was discovered in 1995, more than ten KAT enzymes were identified with bona fide lysine 

acetyltransferase activity in the past decades. According to the amino acid sequence and domain 

organization, KAT enzymes are divided into three major families including the MYST family, 

the GCN5/PCAF family, and the p300/CBP family (Table 1.1).10 The discovery and further 

functional investigation of KATs, in turn, facilitated the study of the biological functions of 

lysine acetylation. Particularly, lysine acetylation not only regulates chromatin dynamics through 

histone modification but also ubiquitously exist in non-histone proteins and is related with 

various biological processes beyond the chromatin realm.6,11,12 The homeostasis of lysine 

acetylation is co-regulated by KATs and KDACs and dysfunction of these enzymes due to 

genetic deficiency or overexpression is tightly associated with multiple diseased forms.7,13-15 For 

examples, overexpression of GCN5 has been detected in leukemic cells. GCN5 overexpression 

leads to hyperacetylation and stabilization of the oncogenic protein E2A-PBX1, which induces 

the progression of acute lymphoblastic leukemia (ALL).16 p300 and CBP also play important 

roles in various cancers. It is reported that p300 gene and CBP gene are mutated in more than 85% 

of microsatellite instable (MSI)+ colon cancer cell lines and primary tumors.17 In addition, p300 

activity is associated with the growth and differentiation of human melanocytes and CBP can 

potentiate colorectal cancers by regulating the activity of the WNT/β-catenin pathway.18 

Moreover, the MYST KAT MOF can prevent diet-induced obesity in mice by activating 

hypothalamic polysialylation. Silencing of MOF gene would induce the increase of body weight 

in adult mice.19 Although some pathological pathways have been well elucidated, the 

mechanistic investigation and therapeutic development targeted on KAT-related diseases are 

largely hindered by limited knowledge about the sub-acetylome of individual KAT enzymes and 

lack of efficient approaches for KAT activity measurement. To solve these problems, we 
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developed a bioorthogonal labeling system for KAT substrate profiling and KAT activity 

measurement, respectively. The detailed methodology, experimental design, and results are 

discussed in chapter 2 and chapter 3.  

In the past decade, more than ten new acylations besides acetylation have been discovered  

on protein lysines due to the development of high resolution mass spectrometry. These include 

lysine propionylation, butyrylation, glutarylation, crotonylation, succinylation, and 2-

hydroxyisobutyrylation, etc.3,20-23 With different length and charge state on the acyl chains, 

different lysine acylations lead to different biological readouts.24,25 Meanwhile, some of the KAT 

enzymes are reported to possess great cofactor promiscuity that they not only act as 

acetyltransferases but also carry out lysine propionylation, butyrylation, and crotonylation, etc.26-

30 Identification of novel acylations and novel dual-/multiple- enzymatic activity of KAT 

enzymes indicated more complicated mechanisms regarding pathological processes caused by 

dysregulation of KAT mediated acylations. In chapter 4 and chapter 5 of this dissertation, we 

reported the novel activity of MYST KATs as lysine propionyltransferases and a novel lysine 

modification isobutyrylation, respectively. These discoveries provided valuable information on 

KAT acylation activity. 
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Figures and Captions 

 

Figure 1.1. KATs and KDACs regulate gene transcription by altering histone lysine 

acetylation. 

Lysine acetylation can activate gene transcription through two mechanisms: 1). Acetylation of 

histone tail lysines blocks the charge-charge interaction between lysines and nucleotides, making 

the DNA accessible to transcription activating proteins; 2). Acetylated lysines recruit reader 

proteins, which can initiate gene transcription directly or through the recruitment of other 

transcription activating proteins. 
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Figure 1.2. Lysine acetylation and deacetylation are driven by KATs and KDACs.  

Lysine acetyltransferases (KATs) transfer the acetyl group from the cofactor acetyl-CoA to the 

-amino group of specific lysines with the formation of an amide bond. This process is reversed 

by lysine deacetylases (KDACs). 

 

Table 1.1 Major KAT enzymes in eukaryotes 

KAT Family Members 

MYST MOF, Tip60, MOZ, MORF, HBO1 

GCN5/PCAF GCN5, PCAF, HAT1 

p300/CBP p300, CBP 
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CHAPTER 2. Profiling Cellular Substrates of Lysine Acetyltransferases GCN5 and p300 

with Orthogonal Labeling and Click Chemistry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Han, Z., Chou, C., Yang X., Michael, G.B., and Zheng, G.Y. 2017. ACS Chemical Biology. 12 (6), 1547–1555. 

Reprinted here with permission of the publisher. 

  



 

7 

Abstract 

p300 and GCN5 are two representative histone/lysine acetyltransferase (HAT/KAT) 

enzymes in mammalian cells. It was recently reported that they possess multiple acyltransferase 

activities including acetylation, propionylation, and butyrylation of the -amino group of lysine 

residues of histone and non-histone protein substrates. Although thousands of acetylated 

substrates and acetylation sites have been identified by mass spectrometry-based proteomic 

screening, our knowledge about protein acylation, especially the causative connection between 

individual KAT members and their substrates remain limited. Herein, we applied a chemical 

probe 3-azidopropionyl CoA (3AZ-CoA) as a surrogate of acetyl-, propionyl- and butyryl-CoA 

for KAT substrate identification. We successfully attached the azide tag to cellular substrates of 

wild type p300 and engineered GCN5; subsequently biotin affinity tag was attached to labeled 

substrates through copper-catalyzed azide-alkyne cycloaddition (CuAAC). After protein 

enrichment on streptavidin-coated resin, we conducted LC-MS/MS studies from which more 

than four hundred proteins were identified as GCN5 or p300 substrate candidates. These proteins 

are either p300- or GCN5-unique or shared by the two KATs, and are extensively involved in 

various biological events such as gene expression, cellular metabolism, influenza infection, and 

cell cycle, etc. We also experimentally validated two novel substrates of GCN5, i.e. IQGAP1 and 

SMC1. These results demonstrate extensive engagement of GCN5 and p300 in cellular pathways 

and are highly valuable to understand their functions in particular biological processes. 

Introduction 

Acetylation of the epsilon amino group of lysine residues is one of the most important 

posttranslational modifications that diversify protein functions by changing protein stability, 

nucleic acid binding, protein-protein interaction, etc.8,31 This process is mediated by histone  
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acetyltransferases (HATs, also known as lysine acetyltransferases, KATs) which were first 

identified in 1995.32 In the past twenty years, more than ten KATs have been discovered with 

bona fide activities and many of them own significant disease relevance. Acetylation of histones 

and transcription regulatory proteins by KATs has been extensively studied with classic 

biological and biochemical techniques such as immunoblotting, chromatin immunoprecipitation, 

and radiometric assays and has demonstrated the key regulatory roles of KATs in chromatin 

dynamics and transcriptional activation.8,33 Recently, high resolution mass spectrometry (MS) 

has resulted in the identification of thousands of acetylated proteins and lysine residues, 

suggesting that the effects of lysine acetylation and KATs go far beyond the chromatin 

kingdom.34-36 Despite the progress made on KAT functional studies and acetylation substrate 

identification, there remains a missing link connecting the compositions of the cellular acetylome 

to different KAT enzyme members. Moreover, recent studies have demonstrated that some 

KATs not only have acetyltransferase activity but also propionyl- or butyryl-transferase activities, 

implicating even broader functions of KATs.26-28 Therefore, methods that can efficiently 

elucidate functions of individual KATs and their distinct sub-acylomes are greatly needed. 

There are three major families of KATs grouped according to their sequence homology and 

domain organizations, which include the MYST family, GCN5/PCAF family and p300/CBP 

family. p300 and GCN5 are well studied members of KAT families. Both enzymes acetylate 

histone and non-histone proteins and have extensive involvement in multiple cellular processes 

including cell cycle, apoptosis, DNA repair, etc.37-39 Aberrant activity induced by abnormal 

expression or genetic mutation of these two enzymes is related with diseases varying from 

inflammation to cancers.16,40 Detailed molecular mechanisms accounting for these physiological 

and pathological events are largely unknown. Earlier studies clearly demonstrate that 
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dysregulation of the activities of various KATs leads to dynamic and functional changes to 

chromatins which constitutes an epigenetic etiology to human pathology. Accumulating evidence 

in recent years reveals that diverse non-histone acetylations also play indispensable roles in 

disease incidence.16,37 Importantly, a few studies have demonstrated propionyl- and 

butyryltransferase activity of GCN5 and p300, which further entangles the study of GCN5 and 

p300 functions.26,28 So far there are no proteomic studies that distinguish substrate profile 

differences between p300 and GCN5. 

It has been a technical challenge to define the unique substrate profiles of a particular KAT  

due to the ubiquitous nature of acetylation and the redundancy of cellular KAT activities. New 

tools and probes are highly needed to track and identify substrates of a KAT of interest and will 

significantly advance this field. Recently, we and others have explored synthetic acetyl-CoA 

surrogates to identify KAT substrates, which provides a powerful chemical biology strategy to  

interrogate the acetylome of particular KATs.35,41,42 In particular, our group created engineered 

KATs matching with a specific, functionalized Ac-CoA substitutes to establish bioorthogonal 

pairs which has great promise to label cellular substrates of any particular KATs 42. In this study, 

we applied an acyl-CoA surrogate 3-azidopropionyl coenzyme A (3AZ-CoA) to profile the sub-

acylomes of p300 and GCN5, respectively. By using a consecutive labeling strategy with 

enzymatic reaction and copper-catalyzed alkyne-azide cycloaddition (CuAAC) followed by 

protein enrichment and proteomic analysis, we have specifically labeled and enriched hundreds 

of p300 and GCN5 substrate candidates from the cellular proteomic context (Figure 2.1). We 

have also annotated these proteins in respect to different cellular pathways, which lays a great 

foundation to decipher p300 and GCN5 functions in cellular biology. 
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Result and Discussion 

3AZ-CoA is an acetyl-CoA surrogate specific to wild type p300 and GCN5-T612G mutant.  

Several acyl-CoA compounds including 4-pentynoyl CoA (4PY-CoA), 5-hexynoyl CoA 

(5HY-CoA), 6-heptynoyl CoA (6HY-CoA) and 3-azidopropionyl CoA (3AZ-CoA) were 

synthesized as described previously to probe KAT activity and substrates.42 p300 exhibited a 

great degree of cofactor promiscuity and can recognize some acetyl-CoA surrogates containing 

alkyne or azide motifs. On the other hand, other wild-type KATs such as GCN5 and MOF have 

extremely lower activity with these orthogonal acyl donors, most likely because of their limited 

acyl-CoA binding pocket. Therefore, we mutated the large amino acid residues in the acetyl-CoA 

binding pocket of GCN5 to a smaller residue (Ala or Gly) by site-directed mutagenesis. Several 

GCN5 mutants with enlarged acetyl-CoA binding space display higher activities toward the 

synthetic acetyl-CoA surrogates. 42 In particular, we found that the mutant with Thr612 to Gly 

(GCN5-T612G) is able to activate a series of alkynyl and azido acyl-CoA for histone acylation 

(ref.42 and Table 2.1). Of note, Thr612 is conserved in the PCAF/GCN5 family, so it is likely 

that the same mutation in PCAF could render similar activity as GCN5 toward the alkyne- or 

azide-functionalized cofactors. We first quantitatively determined the activities of the KATs for 

each acyl-CoA.42 The kinetic constants of these acetyl-CoA surrogates with GCN5-T612G and 

p300 were measured with an in vitro fluorogenic assay.43 Histone peptide H3-20 or H4-20 (the 

first 20 amino acid sequence from the amino terminus of histone H3 or H4) was used as an acyl 

acceptor substrate. Kinetic constants kcat and Km were determined by fitting the cofactor 

concentration─catalytic rate data curves to the Michaelis-Menten equation (Figure 2.2). kcat/Km 

was used to evaluate the specificity of KAT for each cofactor. Among all the acyl-CoA cofactors 

tested, 3AZ-CoA turned out to be the most active one for both p300 and GCN5-T612G. p300 
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possesses similar activities for acetyl-CoA and 3AZ-CoA. The kcat/Km value of p300 to 3AZ-

CoA is 9 times that of p300 to 4PY-CoA, which was used in a previous study for p300 substrate 

labeling.36 The other two acyl-CoA molecules 5HY- and 6HY-CoA are quite inert for p300, with 

little activity detected under initial velocity conditions. In terms of GCN5, the GCN5-T612G 

mutant is significantly more active to 3AZ-CoA than the natural cofactor Ac-CoA, with kcat/Km 

being 44.5 and 9.6 min
-1

.M
-1

 respectively. Also, the kcat/Km value of GCN5-T612G to 3AZ-

CoA is higher than that of wild type GCN5 to Ac-CoA (kcat/Km 12.8 min
-1

.M
-1

). We also tested 

the kinetic constants of wild type GCN5 to 3AZ-CoA in which the kcat/Km value was found to be 

0.04 min
-1

.M
-1, hundreds of folds weaker than that of wild type GCN5 and GCN5-T612G to 

acetyl-CoA and GCN5-T612G to 3AZ-CoA (Table 2.1 and Figure 2.2). Collectively, 3AZ-CoA 

is a sensitive and specific probe for both p300 and GCN5-T612G with comparable or even 

stronger activity than Ac-CoA. At this point, the structural mechanism underlying 3AZ-CoA 

being a strong acyl-donor in p300 activity is not clear. Nevertheless, that p300 uses 3AZ-CoA as 

an equally strong cofactor as Ac-CoA is in good accordance with the fact that p300 also acts as 

propionyl- and butyryl-transferases. After the in vitro kinetic studies proved that 3AZ-CoA is a 

highly active acyl-CoA surrogate for p300 and GCN5-T612G, we next performed in-gel 

fluorescence studies to check the labeling efficiency of the two KATs with 3AZ-CoA on the 

cellular proteome. The human embryonic kidney (HEK) 293T cell lysates were incubated with 

KAT and 3AZ-CoA, followed by CuAAC reaction to tag azidopropionylated proteins with 

alkyne tetramethylrhodamine. Treatment of the cell lysate with p300 and GCN5-T612G resulted 

in strong fluorescence signals, indicating efficient labeling of protein substrates with the 3AZ 

group. In contrast, treatment of the cell lysate with 3AZ-CoA and other wild-type enzymes such 

as MOF, Tip60, MOZ, MORF, GCN5, and PCAF resulted in very weak fluorescence that was 
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close to the negative control, which only had 3AZ-CoA treatment (Figure 2.3). These data 

support that labeling using 3AZ-CoA coupled with the CuAAC click chemistry is unique and 

specific for wild type p300 and GCN5-T612G. 

GCN5 and p300 substrate enrichment with biotin-streptavidin pull down.  

The in-gel fluorescence data demonstrated that the conjugation of enzymatic reaction and 

click reaction effectively incorporated 3-azidopropionyl groups to target proteins and enabled 

subsequent detection with fluorescent reporters. Next, we used a sodium dithionite cleavable 

alkyne azo biotin (Ak-Azo-BTN) probe to replace Ak-TAMRA and expected that target proteins 

would be efficiently biotinylated using the same labeling strategy. The efficiency of protein 

biotinylation via KAT reaction and CuAAC click reaction was verified with chemiluminescent 

imaging (Figure 2.4a). In this experiment, streptavidin-HRP was used for biotin detection. 

Treating the cell lysate with only 3AZ-CoA resulted in very weak chemiluminescence, indicating 

that endogenous KATs barely catalyzed the acylation reaction with 3AZ-CoA. On the contrary, 

exogenous p300 and GCN5-T612G treatment induced strong signals, indicating that numerous 

proteins were biotinylated due to the enzymatic labeling. Now that p300 & GCN5-T612G could 

make advantageous use of 3AZ-CoA to achieve specific biotinylation of p300 and GCN5 

substrates, it would be promising to enrich these target proteins with subsequent pull-down 

experiment on streptavidin-coated beads. In this regard, the lysates were treated in the same way 

aforementioned with KAT enzyme and 3AZ-CoA, and then Ak-Azo-BTN was conjugated to 

target proteins via CuAAC. The biotinylated proteins were enriched through biotin-streptavidin 

pull-down and the protein eluents were resolved on SDS-PAGE gel and imaged with silver 

staining (Figure 2.4b). Clearly, very little chemical reactivity of 3AZ-CoA was observed 

without enzyme, while p300 and GCN5-T612G treatment led to significant protein enrichment. 
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Therefore, this KAT activity-based labeling strategy and subsequent protein enrichment is highly 

effective to enrich cellular substrates of p300 and GCN5.  

Profiling of enriched proteins with semi-quantitative LC-MS/MS.  

After we demonstrated that the activity-based chemical labeling and affinity pull-down 

efficiently enriched p300/GCN5 substrates, we next conducted proteomic studies to determine 

the identities of the enriched KAT substrates. LC-MS/MS proteomic analysis in recent years has 

been used extensively to identify PTM substrates together with the application of chemical 

biological enrichment.36,44 Basically, the enriched protein samples were digested and the 

generated peptide fragments were identified according to their m/z values. These mass-to-charge 

data were analyzed through database search engines such as Sequest and Mascot to find the 

corresponding proteins via sequence alignment.45 Since each protein can yield multiple peptides, 

a comparison of the peptide counts of individual proteins between control and treated groups has 

been used as the standard to determine protein hits.36,44 Although being widely used, this method 

has low accuracy to quantitate protein abundance. Strong labeling or enrichment of proteins may 

not always induce increases of peptide fragment ion counts after tryptic digestion; on the 

contrary, fewer peptide fragments could be yielded if the functional tags that are added to lysines 

or arginines block tryptic digestion. Herein, we applied a semi-quantitative label-free LC-

MS/MS method for protein hit identification. Peak areas of the three most abundant peptide 

fragment ions are summed up to quantify the individual proteins. Hundreds of proteins were 

identified in all three groups respectively, but the total abundance of proteins between them were 

significantly different from each other. As is shown in Figure 2.4c, GCN5-T612G and p300 

treatment led to 42- and 706-fold enrichment when compared to the control group in which the 

cell lysate was treated with only 3AZ-CoA but not with enzyme. Proteins that were enriched 
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more than three times by p300 or GCN5-T612G were chosen as substrate candidates. A total of 

568 proteins were identified as KAT substrates; 472 and 475 proteins were identified as GCN5 

and p300 substrate candidates, respectively (Supplementary Table 1 and Figure 2.5). Further 

examination revealed that p300 and GCN5-T612G had 379 shared substrates and ~90 unique 

ones to each enzyme. Histones are the most enriched proteins in both sets. The abundance of 

histone proteins in p300 and GCN5-T612G treated samples are hundreds or even thousands of 

folds higher than the control group. Histone H3 being highly enriched by GCN5-T612G and all 

the four core histones being highly enriched by p300 is consistent with our understanding that 

GCN5 primarily acetylates histone H3 while p300 acetylates multiple histones with comparable 

activities.46-48 Histone H1 is highly enriched upon treatment of both p300 and GCN5-T612G, 

indicating that histone H1 may be a good substrate of p300 and GCN5. Other than histones, 

hundreds of non-histone proteins were highly enriched, which will be annotated later. The high-

degree of overlap of GCN5 and p300 substrates suggested that these two enzymes, although not 

from the same family, can act on some common protein substrates and thus regulate common or 

related pathways. However, we need to point out that for the same substrates, the modification 

sites for p300 and GCN5 could be different from each other. To assess which enzyme has higher 

activity on the shared substrates, we normalized their abundance to the total protein abundance in 

p300 and GCN5-T612G groups respectively. The ratios of relative abundance of each shared 

substrate candidates in GCN5-T612G and p300 sets were listed in Figure 4b, showing that the 

majority of shared substrate candidates are more enriched by GCN5-T612G. As is shown in 

Supplementary Table 2, most histone proteins and a few non-histone proteins such as proteins 

SET, high mobility group protein B and nucleolin were more enriched by p300. Many of these 

proteins are involved with either DNA- or RNA- related functions such as transcription 
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regulation, RNA stabilization and RNA chaperoning.49 The rest of the hundreds of non-histone 

proteins are more enriched by GCN5-T612G. This may suggest that p300 is more selective 

toward histone proteins over non-histone proteins while the preference of GCN5 for histones is 

at a lesser extent. 

Validity of the identified KAT substrates.  

We compared the substrate candidates identified from this work with the published data. 

Yang and coworkers identified 23 proteins as p300 substrates with 4PY-CoA through in vitro 

labeling of Hela nuclear extracts and subsequent CuAAC and proteomic analysis.36 17 out of the 

23 proteins were found in our list of p300 substrates. The reason that we identified more p300 

substrates than their work could be multifold:  the binding affinity of 3AZ-CoA probe to p300 is 

about 10-fold higher than 4PY-CoA (Table 2.1); Yang and coworkers used Hela nuclear extracts 

as substrate source while we used 293T whole cell lysates as the substrate source. Therefore, it is 

reasonable that we identified more substrates than Ref.36 Choudhary et al. surveyed an 

“acetylome” containing 4951 proteins from different human cell lines that undergo lysine--

amine acetylation.50 67% (378 out of 568) of the substrate candidates identified herein are found 

in this group (Figure 2.5a). Notably, matching with KAT’s canonical function in chromatin 

biology, all the core histones were identified in the list. These evidence supports that our 

chemoproteomic strategy is a valid approach to discovering physiologically relevant KAT 

substrates. We also tested the enzymatic activity of both KATs on a shared substrate, tubulin. 

While tubulin is a known substrate of GCN5, this study is the first to demonstrate that tubulin is 

a p300 substrate.51 The western blotting verified that both p300 and GCN5 serve as bona fide 

tubulin lysine acetyltransferases and the LC-MS/MS proteomic analysis showed that both KATs 

could modify tubulin on the same lysine residues including Lys60 on tubulin  chain and Lys 59 
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and 60 on tubulin  chain (Figure 2.6). To further validate our proteomic discovery, we chose 

two undefined GCN5 substrates identified by our study, Ras GTPase-activating-like protein 

IQGAP1 and the structural maintenance of chromosomes protein 1 (SMC1) for cellular 

acetylation test. A plasmid containing either Myc tagged IQGAP1 or SMC1 was overexpressed 

with or without the FLAG-GCN5 plasmid. The Myc tagged proteins were enriched with 

immunoprecipitation and their acetylation levels were detected using pan anti-acetyllysine 

antibody. As shown in Figure 2.7, the acetylation level of both IQGAP1 and SMC1 proteins 

increased significantly in the presence of the overexpression of GCN5, supporting that GCN5 

acetylated these two proteins in vivo. Overall, the high accordance with previous proteomic work 

and our validation study highlight the reliability, validity, and biological relevance of our 

chemoproteomic strategy for KAT substrates discovery. It is worthwhile to point out that the 

identified GCN5 and p300 sub-acylome may not be exactly the same as their in vivo sub-

acylome due to the fact that KATs, in many cases, function as acetyltransferase subunit in 

protein complexes and alteration of binding proteins may change their substrate specificities.52,53 

Functional annotation of GCN5- and p300- shared substrate candidates.  

To understand the broad biological involvement of GCN5 and p300 as well as their 

functional differences, we annotated physiological and pathological functions of the shared and 

unique substrates of both enzymes with DAVID Bioinformatics Resources 6.8 

(https://david.ncifcrf.gov/) (Supplementary Table 3, Figure 2.8).54,55 

Canonical pathways related with GCN5 and p300 shared substrates. p300 and GCN5 

shared substrates are involved in more than 30 pathways related with gene expression, cellular 

metabolism, etc. (Supplementary Table 4, Figure 2.8). Not surprisingly, canonical KAT-

related processes such as gene expression, DNA repair, cell cycle and apoptosis have been found 

https://david.ncifcrf.gov/
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in the annotation and involve both known and newly identified substrates of p300 and GCN5.39,56 

For instance, DNA replication and DNA repair regulatory proteins Flap Endonuclease-1 (Fen-1), 

high mobility group protein B1 (HMGB1), poly (ADP-ribose) polymerase-1 (PARP-1), and 

proliferating cell nuclear antigen (PCNA) are known p300 substrates.37,38,57-59 Acetylation of 

these proteins changes their activities or functions. Furthermore, a few other proteins such as X-

ray repair cross-complementing protein and DNA replication licensing factor MCM were 

identified for the first time as potential GCN5 and p300 shared substrates. Cell cycle and 

apoptosis are also regulated by KATs. Cyclin-dependent kinase-1 (CDK-1) is an important cell 

cycle regulatory protein and has an acetylated lysine 40 within its kinase domain.60 CDK-1 is 

identified herein as a potential substrate of both p300 and GCN5, indicating a new pathway that 

p300 and GCN5 regulate the cell cycle through acetylation of CDK protein(s). We have also 

identified more than 130 proteins related with the metabolism of proteins, carbohydrates, fatty 

acids as well as amino acids, indicating extensive involvement of GCN5 and p300 in eukaryote 

metabolism. This is consistent with a recent study by Zhao et al. who demonstrated that lysine 

acetylation has a dramatic influence on cellular metabolizing enzymes in human liver tissue.61 As 

is shown in Supplementary Table 5, out of 40 metabolizing enzymes that we have identified 

using the KEGG pathway database,62 21 (black) of them were reported by Zhao et al. as well. 

The non-overlapped part (red) might be caused by the difference of the cell lines that were used 

in our and their studies. 

GCN5 and p300-shared substrates include many ribosomal and spliceosomal proteins. 

Spliceosome and ribosome are important RNA-protein complexes that regulate and control  

post-transcriptional RNA processing and protein translation. Spliceosomes are composed of 5 

different small nuclear RNAs (snRNAs) and over a hundred associated proteins. They remove 
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introns from pre-mRNA and connects flanking exons to form mRNA encoding sequences.63 As 

mRNA translation machinery, ribosomes are composed of two subunits containing 50-80 

individual proteins depends on the species. These proteins are structurally conserved between 

different organisms.64 Structural and functional studies of spliceosomes and ribosomes have been 

extensively pushed forward in the past decades, while there are still unresolved puzzles such as 

why a large variety of ribosomal proteins exist and how spliceosomes assembly and RNA 

splicing are regulated.64 Our study has identified 44 spliceosomal and 63 ribosomal proteins as 

GCN5 and p300 shared substrate candidates (Supplementary Table 4), suggesting that lysine 

acylation may play some roles during ribosome and spliceosome assembly and RNA recognition 

through regulation of protein-protein or protein-RNA interactions. These findings also indicate 

that GCN5 and p300 may affect gene expression through regulation of acylation of spliceosomal 

and ribosomal proteins. This hypothesis is somehow supported by a recent study which 

suggested that the SAGA (Spt /Ada/ Gcn5/Ada) complex is necessary for co-transcriptional 

spliceosome assembly.65 Moreover, 93 proteins are involved in influenza infection and most of 

them are ribosomal and spliceosomal proteins.66,67 This is likely because influenza viruses need 

to replicate and translate its RNA after entering into the host cells, and ribosomes and 

spliceosomes are essential in these processes. Possibly, p300 and GCN5 may affect progression 

of influenza through the alteration of ribonucleoprotein acylation. There are also other common 

substrates and pathways shared by p300 and GCN5 and all these shared substrates and their 

related pathways are summarized in Supplementary Table 4.1.  

Functional annotation of GCN5- or p300- unique substrate candidates.  

93 and 96 proteins have been identified as GCN5 and p300 unique substrates, respectively 

(Figure 2.5). Functional annotation of these proteins was carried out with DAVID 
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Bioinformatics Resources 6.854,55 and more than 30 biologically significant proteins from GCN5 

and p300 clusters were identified (Figure 2.8, Supplementary Table 3.2, 3.3). Some of these 

proteins share similar functions as GCN5 and p300 shared substrates: GCN5 unique substrates 

contains 9 spliceosomal proteins and 5 TCA cycle regulatory proteins; p300 unique substrates 

contain 10 spliceosomal proteins, 10 gene expression, 4 carbohydrate metabolism, and 7 cell 

cycle regulatory proteins. Importantly, there are also pathways that are regulated by only p300- 

or GCN5-unique substrates.  

p300 unique substrates and related pathways. PELP1 (proline-, glutamic acid-, and leucine-

rich protein1) is a coactivator of the estrogen receptor (ER).68 It binds to ER and p300 at the 

same time to potentiate histone acetylation and activate gene transcription.68 p300 is able to 

potentiate growth and migration of breast cancer cells and the ER has been proven to be a breast 

cancer initiator.69-71 Our study suggests that PELP can be acylated by p300 which, together with 

previous studies, indicates a new possible mechanism that p300 potentiates breast cancer 

development by acetylating PELP. Signal recognition particles (SRP) are ribonucleoproteins that 

translocate newly synthesized proteins (polypeptides) from the ribosome to the endoplasmic 

reticulum.72 There are 6 different proteins that serve as SRP subunits including SRP 9, 14, 19, 54, 

68 and 72. Our study suggests that SRP 68 and SRP 72 can be acylated by p300, indicating a 

possible role of p300 in regulating the translocation of newly synthesized proteins. Besides, p300 

may also regulate arginine and proline metabolism by acylating metabolizing enzymes pyrroline-

5-carboxylate reductase, creatine kinase and aspartate aminotransferase 2 and regulate the 

pentose phosphate pathway by acylating transaldolase and glucose-6-phosphate isomerase. 

GCN5 unique substrates and related pathways. Pike et al. demonstrated that the vitamin D 

receptor (VDR) controls gene expression by recruiting co-regulatory complexes to different 
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promoters.73 Herein, we identified two regulatory proteins of this pathway including SNW 

domain-containing protein 1 and SWI/SNF-related matrix-associated actin-dependent regulator 

of chromatin subfamily D member 2 (SMARCD2) as GCN5 substrate candidates. This indicates 

a possible co-regulatory role of GCN5 in gene expression with the vitamin D receptor. Antigen 

processing and presentation are key immune processes that present antigens to T cells through 

major histocompatibility complex (MHC) pathways.74 MHC is a set of cell surface proteins. 

They can bind with antigenic peptides to form complexes that can be recognized by T cells. 

There are two classes of MHC (Class I and II) and they mediate the presentation of intracellular 

and extracellular antigenic peptides respectively.75 Legumain is a cysteine endopeptidase that 

digests antigenic proteins such as toxin C fragment (TTCF) to antigenic peptides with other 

proteolytic enzymes. It has been shown that abolishment of legumain activity results in the 

resistance of TTCF proteolysis and keeps cells from being presented to T cells.76 Heat shock 

proteins (Hsps) also play important roles during antigen processing and presentation. Murshid 

and coworkers concluded that Hsps bind to and chaperone multiple polypeptides and mediate 

cross presentation of tumor antigens by antigen present cells (APC).77 Our study suggests that 

legumin, poly Hsp90-alpha, beta and Hsp70 protein 4 can be acylated by GCN5, indicating that 

GCN5 may affect antigen processing and presentation by regulating the acetylation of these 

proteins. In addition, four RNA helicases including U5 small nuclear ribonucleoprotein 200 kDa 

helicase, putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX16, putative 

ATP-dependent RNA helicase DHX30, regulator of nonsense transcripts 1 and two RNA 

degrading proteins including 5’-3’ exoribonuclease 2 and exosome complex component RRP45 

have been identified as GCN5 substrate candidates. Last but not least, GCN5 is also likely to be 

involved in the metabolism of the amino acids methionine, serine, threonine, isoleucine, and 
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valine by acylating cystathionine beta-synthase, cystathionine gamma-lyase and D-3-

phosphoglycerate dehydrogenase. 

Conclusion 

By combining enzyme activity-based chemical labeling using clickable acyl-CoA probes in 

conjugation with either wild type or mutant KATs, we have demonstrated a bioorthogonal 

chemoproteomic method to profile sub-acylome of different KATs in cellular contexts. Hundreds 

of substrates of GCN5 and p300 were identified containing both previously known and first-time 

identified proteins. We found that histone proteins are the primary substrates of both GCN5 and 

p300 while GCN5 is less selective to histone proteins in cellular contexts compared to p300. Our 

functional annotations of the KAT substrates point toward multiple cellular pathways regulated 

by p300 and GCN5. In addition to the previously studied pathways such as gene expression, 

cellular metabolism, cell cycle, DNA repair, we found the potential involvement of GCN5 and 

p300 in other cellular processes such as RNA splicing and translation, antigen processing and 

presentation, and protein export. We validated two novel substrates of GCN5, i.e. IQGAP1 and 

SMC1, by co-transfection studies. This work provides a great insight for future work to 

investigate the functional involvement of GCN5 and p300 in these newly discovered biological 

pathways. 

Methods and Materials 

Synthesis of Acyl-CoA Analogs. 

4-pentynoyl CoA (4PY-CoA), 5-hexynoyl CoA (5HY-CoA), 6-heptynoyl CoA (6HY-CoA), 

and 3-azidopropionyl CoA (3AZ-CoA) were synthesized by reacting with carboxylic anhydride 

with CoA-SH, by following the procedures used in our previous study.42 
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Protein Expression and Purification. 

Site-directed mutagenesis was used to generate GCN5-T612G plasmid. Nickel-NTA 

agarose resin from Bio-Rad was used for the purification of His-tag labeled proteins including 

GCN5-T612G, GCN5, MOF, Tip60 and PCAF. The expression and purification condition were 

described in the previous work.42,78 

p300 protein expression and purification were described in the previous work of our lab.79 

pET28a-LIC-MOZ plasmid was purchased from Addgene Plasmid #25181. MOZ protein was 

expressed and purified according to the protocol developed by Structural Genomics Consortium 

(SGC) (PDB code: 2OZU). (http://www.thesgc.org/structures/2ozu) 

Maltose binding protein (MBP)-MORF catalytic domain-pMAL plasmid was a gift from Dr. 

Xiangjiao Yang from McGill University. Plasmids were transformed into BL21 (DE3) cells with 

heat-shock method followed spreading cells on LB-Agar plate with ampicillin. Colonies were 

picked up and cultured in 8 mL of growth medium for 12 hours followed by transferring 8 mL 

medium into 1L medium containing 10g Bacto trypton, 5g yeast extract, 5g sodium chloride, 2g 

glucose and 100 mg/mL of ampicillin. 1 liter culture medium was incubated at 37oC until the 

OD595nm reach to 0.7. 0.3 mM of IPTG was added to induce protein expression at 16 oC 

overnight. Cells were collected by centrifugation and suspended in lysis/washing buffer 

containing 20 mM Tris-HCl, pH 8.0, 0.5M KCl, 10% (v/v) glycerol, 5 mM MgCl2, 0.1% (v/v) 

Nonidet P-40, and 1 mM Phenylmethylsulfonyl fluoride (PMSF). Cells were disrupted with a 

microfluidizer at 15000 psi followed by collection of supernatant after 12000 rpm centrifugation. 

Supernatant containing cellular proteins were incubated with Amylose resin (New England 

Biolabs, Product #E8021S), followed by washing with lysis/washing buffer and eluting with 

elution buffer containing Tris-HCl, pH 8.0, 0.15M KCl, 10% (v/v) glycerol, 5 mM MgCl2, 0.1% 

http://www.thesgc.org/structures/2ozu
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(v/v) Nonidet P-40, 10 mM Maltose and 1 mM phenylmethylsulfonyl fluoride(PMSF). Eluent 

was dialyzed with dialysis buffer containing 25 mM Tris pH 8.0, 250 mM of NaCl, 10% (v/v) 

glycerol, 0.1 mM EDTA and 1 mM DTT. Protein was concentrated and protein purity was 

checked with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE). Proteins 

were aliquoted, flash frozen and stored at –80 oC for future use. 

Fluorescence-Based Kinetic Assays.  

Kinetic assays were used to determine the binding affinity (Km) and catalytic efficiency (kcat) 

of enzyme and analogs. kcat/Km was used to quantify the activities of enzyme and analog pairs. 

For GCN5-T612G kinetic characterization, 100 M of H3-20 peptide (Ac ARTKQTARKSTGG 

KAPRKQL) were pre-incubated with cofactors at varied concentrations for 5 minutes at 30 oC in 

KAT reaction buffer including 50 mM of HEPEs pH 8.0, 0.1 mM of EDTA. 10 nM of enzyme 

was added to initiate enzymatic reaction, which lasted for 8-15 minutes followed by the addition 

of excessive amount of CPM in dimethyl sulfoxide (DMSO). CPM DMSO solution not only 

quenched enzymatic reaction but also reacts with the by-product CoASH and generated 

fluorescent product CoAS-CPM. The fluorescence intensity was measured with micro-plate 

reader (FlexStation 3) with fixed excitation and emission wavelength at 392 nm and 482 nm. For 

p300, H4-20 peptide (Ac-SGRGKGGKGLGKGGAKRHRK) was used as substrates and same 

conditions were used for the measurement with Ac-CoA and 3AZ-CoA. In order to get 

detectable and valid fluorescence reading, enzyme and peptide concentrations were increased to 

100 nM and 200 M when reacting with 4PY, 5HY and 6HY-CoA. The kinetic data were 

summarized in Table 2.1 and Figure 2.2. 
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In-gel fluorescence and chemi-imaging assay 

Extraction of cellular protein. Human embryonic kidney 293 cells (HEK293T cells) were 

cultured with DMEM medium supplemented with 10% (v/v) FBS at 37 oC with 5% of CO2. 

Cells were scraped after reaching to ~90% confluence and washed with ice-cold PBS for twice. 

Cells were collected by centrifugation at 12000 rpm at 4 oC and were suspended with ice-cold M-

PER® mammalian protein extraction reagent (ThermoFisher SCIENTIFIC, Product #78501) 

containing 1% protease inhibitor cocktail (ThermoFisher SCIENTIFIC, Product #78438). After 

sitting on ice for 15 minutes, cells were sonicated with 30% amplitude to release whole cellular 

proteins. Cellular proteins were collected by centrifugation for 20 minutes at 12000 rpm at 4 oC 

and protein concentration was measured with Bradford assay. Cell lysates were aliquoted, flash 

frozen and stored at –80 oC for future use.  

Fluorescent and chemiluminescent gel imaging. 20 L of mixture containing 20 g of cell 

lysate, 25 M of 3AZ-CoA and 5 M of GCN5-T612G or 2 M of p300 in 50 mM of HEPES 

pH 8.0 and 0.1 mM of EDTA was incubated at 30 oC for 50 minutes. 10 L of click cocktail 

containing 75 M of alkyne-tetramethylrhodamine (Ak-TAMRA) or alkyne-azo-biotin, 1.5 mM 

of ligand BTTP, 15 mM of reducing agent sodium ascorbate and 1.5 mM of copper sulfate was 

added. Reaction mixture was incubated at room temperature for 30 minutes followed by the 

addition of 8 L of SDS-PAGE loading dye. Samples were resolved on 4-20% SDS-PAGE 

gradient gel. For Ak-TAMRA treated samples, the gel was scanned with Typhoon scanner (GE 

Healthcare Life Sciences) using fixed excitation and emission wavelengths at 532 nm and 580 

nm. For Ak-azo-BTN treated samples, proteins were transferred onto nitrocellulose membrane 

followed by blocking with 5% non-fat milk. The membrane was incubated with streptavidin-

HRP and scanned with chemiluminescence scanner.  
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Streptavidin affinity enrichment, in-gel digestion, and semi-quantitative LC-MS/MS 

proteomic analysis. 

KAT substrates were enriched with biotin-streptavidin pull down. 800 g of cell lysate was 

incubated with 2 M or 5 M of p300 or GCN5-T612G and 25 M of 3AZ-CoA at 30 oC for 50 

minutes. Click cocktail containing Ak-Azo-BTN was added to biotinylated target proteins with 

30 minutes at room temperature. Excessive Ak-Azo-BTN was removed with spin-dialysis. 

Samples were incubated with streptavidin affinity resin (ThermoFisher SCIENTIFIC, Product 

#20347) that was pre-equilibrated with pH 7.4 phosphate buffer saline (PBS). The resins were 

collected by centrifugation at 1000g for 5 minutes and were washed sequentially with PBS 

supplemented with 0.2% (w/v) of SDS, PBS supplemented with 0.1% (w/v) of SDS and 6M urea 

and 50 mM of NH4HCO3 supplemented with 0.05% of SDS. Then, the beads were incubated 

with 25 mM of Na2S2O4 in 50 mM NH4HCO3 for 1 hour to cleave the protein off the beads. The 

mixture was centrifuged at 1000g for 5 minutes and the supernatant was carefully collected. The 

supernatant was dried down by SpeedVac.  

Substrates identification with in-gel tryptic digestion and LC-MS/MS proteomic analysis.  

A variation of gel assisted proteomics sample preparation was used to generate tryptic 

peptide digests of the proteins cleaved from the beads.80 Dried samples were dissolved in 20 L 

of water followed by incubation with 20 mM of DTT at 75 oC for 10 minutes and 150 mM of 

iodoacetamide at room temperature in dark for 20 minutes. Then, protein sample was fixed in the 

gel containing 30% acrylamide, ammonium persulfate and TEMED. The gel bands were sliced 

into small pieces, and then rinsed with 50% (v/v) acetonitrile/20 mM ammonium bicarbonate 

(~pH7.5–8) twice. The gel pieces were dehydrated by adding 100% of acetonitrile and dried out 

by a heat block at 60°C. A various amount of Trypsin solution (0.01µg.µL-1 in 20 mM 
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ammonium bicarbonate) was added until the gel pieces totally absorb the Trypsin solution. The 

tubes were placed in an incubator at 37°C overnight. The tryptic peptides were extracted from 

gel pieces by incubating with 50% (v/v) acetonitrile/0.1% (v/v) formic acid twice. The extracts 

were dried down with low pressure-centrifugation using a SpeedVac. 

The mass spectrometry analysis was carried out on a Thermo-Fisher LTQ Orbitrap Elite 

Mass Spectrometer coupled with a Proxeon Easy NanoLC system (Waltham, MA) located at 

Proteomics and Mass Spectrometry Facility, University of Georgia. The enzymatic peptides were 

loaded into a reversed-phase column (self-packed column/emitter with 200 Å 5 µM Bruker 

MagicAQ C18 resin), then directly eluted into the mass spectrometer. Briefly, the two-buffer 

gradient elution 0.1% (v/v) formic acid as buffer A and 99.9% (v/v) acetonitrile with 0.1% (v/v) 

formic acid as buffer B starts with 5% (v/v) B, holds at 5% (v/v) B for 2 minutes, then increases 

to 25% (v/v) B in 60 minutes, to 40% (v/v) B in 10 minutes, and to 95% (v/v) B in 10 minutes.   

The data-dependent acquisition (DDA) method was used to acquire MS data. A survey MS 

scan was acquired first, and then the top 5 ions in the MS scan were selected for following CID 

and HCD MS/MS analysis. Both MS and MS/MS scans were acquired by Orbitrap at the 

resolutions of 120,000 and 30,000, respectively. 

Data were acquired using Xcalibur software (version 2.2, ThermoFisher SCIENTIFIC). 

Proteins identification and modification characterization were performed using Thermo 

Proteome Discoverer (version 1.4) with Mascot (Matrix Science) and Uniprot database. The 

spectra of possible modified peptides were inspected further to verify the accuracy of the 

assignments. The semi-quantitative analysis was achieved using a label-free quantification 

workflow within Proteome Discoverer, which a Precursor Ion Areas Detector node calculates the 
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average of the top three highest peptide areas in the Extracted Ion Chromatograms (mass 

precision, 2 ppm). 

Identification of GCN5 and p300 acetylation sites on tubulin using LC-MS/MS. 

Tubulin extracted from bovine brain (Sigma Aldrich) was incubated with 150 M 

deuterium labeled acetyl-CoA (d3-Ac-CoA from Sigma Aldrich) and 0.5 M GCN5 or p300. 

Only d3-Ac-CoA treated tubulin was used as negative control. The reaction mixtures were 

subjected to LC-MS/MS analysis. Tubulin samples was diluted to 0.3 mg. mL-1 in 40 mM Tris-

HCl (pH 8), 5 mM DTT. The mixture was heated at 95 °C for 20 min. The buffer was exchanged 

to 50 mM ammonium bicarbonate (pH 8.0) with the desalting column followed by tryptic 

digestion (protein: enzyme 60:1) at 37 °C for 5 h. Samples were analyzed by ACQUITY UPLC 

system (Waters, Milford, MA) coupled to a Waters SYNAPT G2 mass spectrometer (Milford, 

MA). Peptides were separated on the HALO C18 peptide column (2.7 m, 4.6 x 100mm, 

Advanced Materials Technology, Wilmington, DE). Mobile phase A is water containing 0.01% 

(v/v) formic acid and B is acetonitrile (ACN). The injection volume was 20 L. The tryptic 

digest was analyzed with a 60 minutes gradient method, 75 min run time, with a 0.3 mL. min-1 

flow rate, (time. Minute-1, % mobile phase B): (0, 5), (60, 50), (60.01, 100), (67.50, 100), (67.51, 

5). Key parameter setting for the SYNAPT G2 mass spectrometer were as follows: capillary 2.00 

kV, sample cone 35 V, extraction cone 4.0 V, source temperature 120 °C, desolvation 

temperature 500 °C, desolvation gas 500 L. h-1. All data were acquired by the data-dependent 

acquisition (DDA) mode. For DDA parameters, 1s MS survey scan in the mass range of 300–

1900 were followed by MS/MS scans of up to 3 ions, when intensity rose above 1500 counts per 

second. MS/MS was acquired over the range of 100-1900, with a 2s scan rate. MS/MS scan was 
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switched to MS survey scan after 3 scans. Trap collision energy was set using charge state 

recognition, applying the default files for 1-4 charge states.  

Files containing MS/MS spectra were processed with Proteinlynx Global Server 2.4 

software (Waters, Milford, MA) to identify peptides. The following parameters were used: (i) 

peptide tolerance, 500 ppm; (ii) fragment tolerance 0.5 Da; (iii) primary digestion, trypsin; (iv) 

missed cleavage, 3; (v) Variable Modification, Acetyl K and d3-acetyl K (mass shift 45.01). 

Results were validated based on the identification of three or more consecutive fragment ions 

from the same series. We identified three peptides for both p300 and GCN5 treated samples that 

had d3-acetyl labeled lysines while no d3-acetylated labeled peptide was detected from only d3-

acetyl-CoA treated tubulin. (Figure 2.6) 

Detection of IQGAP1 and SMC1 acetylation by GCN5 in vivo.  

Human embryonic kidney (HEK) 293T cells were cultured to ~80% confluence at 37 oC 

using DMEM medium supplemented with 10% FBS and 1% streptomycin-penicillin. Transient 

transfection of the plasmids pAdEasy-Flag-GCN581 (Addgene Plasmid #14106), pcDNA3-Myc-

IQGAP182 (Addgene Plasmid #30118), and pCDNA-3 5' cMyc-SMC1-wt83 (Addgene Plasmid 

#32363) was conducted using the Lipofectamine 3000 Reagent (ThermoFisher SCIENTIFIC, 

Product #L3000008). The whole cell lysates were extracted using the same method 

aforementioned. The GCN5 expression level was detected using anti-FLAG tag antibody. The 

cell lysates were subjected to immunoprecipitation using the c-Myc-Tag IP/Co-IP Kit 

(ThermoFisher SCIENTIFIC, Product #23620) for IQGAP1 and SMC1 enrichment. The 

acetylation level of enriched proteins was detected using western blotting analysis with pan anti-

acetyllysine antibody. The results are shown in Figure 2.7 of the main text. 
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Figures, Tables and Captions 

 

Figure 2.1. Labeling and profiling KAT substrates with wild-type or engineered KAT, 

functionalized acyl-CoA, click reaction and MS/MS proteomics.  

Incubation of cellular lysates with KAT and 3-azidopropionyl-CoA (3AZ-CoA) induces labeling 

of KAT substrates (oval proteins) with an azide tag. Through a CuAAC reaction, a biotin tag is 

covalently attached to the KAT substrates, followed by protein enrichment and LC-MS/MS to 

identify the KAT’s sub-acylome from the cellular proteome.  
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Figure 2.2. Kinetic analysis of KATs with acetyl-CoA and analogs.  

The kinetic constants Km and kcat of each KAT with cofactors were obtained through fluorescence 

measurement and Michaelis-Menten curve fitting. a. wild type GCN5 has much weaker activity 

for 3AZ-CoA than acetyl-CoA; b. p300 with acetyl-CoA, 3AZ-CoA and 4PY-CoA; c. GCN5-

T612G mutant possesses much stronger activity with Ac-CoA analogs than wild type GCN5. 

3AZ-CoA does not lead to the highest Vmax among all these cofactors, but it has the lowest Km 

with GCN5-T612G, therefore, it has the highest kcat/Km. 
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Figure 2.3. Chemoproteomic labeling of cellular substrates using 3AZ-CoA coupled with 

different KATs.  

Cell lysate was treated with 3AZ-CoA and different KATs, followed by conjugation of alkyne-

TAMRA with CuAAC. The upper panel shows the in-gel fluorescence image and the lower 

panel shows protein loading stained with Coomassie Brilliant blue. 

 

3AZ-CoA

Enzyme

+ + + + + + + + +

75 kDa

25 kDa

15 kDa

—

In gel fluorescence Commassie Brilliant Blue Stain

+ + + + + + + + +

—



 

32 

 

 

Figure 2.4. KAT substrate enrichment with biotin-streptavidin pulldown and 

quantification with semi-quantitative LC-MS/MS.  

a. KAT substrates were biotinylated with the consecutive labeling strategy. Labeling efficiency 

and specificity were checked with biotin-streptavidin-HRP imaging. b. Biotinylated proteins 

were enriched with biotin-streptavidin pull-down followed by Na2S2O4 cleavage. Efficiency of 

KAT substrates enrichment was checked with silver staining. c. Enriched proteins were 

quantified using an LC-MS/MS semi-quantitative technique. p300 and GCN5-T612G treatment 

enriched proteins by 42 and 706 folds compared with the control group. 
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Figure 2.5. Comparative analysis of identified KAT substrates.  

a. Identified GCN5 and p300 substrates were compared with each other and previously identified 

acetylome. (Ref 34) b. For the shared substrates, the logarithmized ratio of their relative 

abundances in GCN5 and p300 sets were calculated to compare the selectivity of GCN5 and 

p300 with the substrates 
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Figure 2.6. Detection of GCN5 and p300 acetyltransferase activities on tubulin.  

a. Treatment of p300 and GCN5 resulted in strong acetylation of tubulin. The chemiluminescent 

protein band right below tubulin is autoacetylated p300. Spectra b, c, and d are from p300 

treated tubulin and e, f, and g are from GCN5 treated tubulin samples. a&d. Peptide 

TIGGGDDSFNTFFSETGAG K60(d3-ac) HVPR from alpha tubulin (tubulin alpha chain, alpha-

1D chain and alpha-1B chain). b&e. Peptide INVYYNEATGGK59(d3-ac)YVPR from beta 

tubulin (tubulin beta-4B chain). c&f. Peptide INVYYNEAAGNK59 (d3-ac)YVPR from beta 

tubulin (tubulin beta chain). In panels b-g, b-(blue) and y-(red) and a-(green) ion series derived 

from the precursor ions were marked. Peaks that are not labeled include internal fragments, 

masses losing a molecule of water or ammonia and baseline noises. 
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Figure 2.7. Detection of in vivo acetylation of IQGAP1 and SMC1 by GCN5.  

Expression level and acetylation level of tagged IQGAP1, SMC1, and GCN5 were detected with 

western blotting. The acetylation level of IQGAP1 and SMC1 was detected using pan anti-

acetyllysine antibody. 
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Figure 2.8 Functional annotation of enriched KAT substrates.  

a. GCN5 and p300 shared substrates have broad involvement in cellular metabolism, gene 

expression, etc. b. GCN5 and p300 unique substrates show significantly different profiles in 

pathway involvements. 
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Table 2.1. Kinetic parameters of acetyl-CoA and synthetic orthogonal acyl-CoA in KAT-

mediated histone modifications. 

Enzyme Cofactor Km / M kcat / min
-1

 kcat/Km 
(min

-1
.M

-1
) 

GCN5 
Ac-CoA 3.7±1.0 47.3±4.3 12.8±3.7 

3AZ-CoA 8.2±2.8  0.3±0.04 0.04±0.02 

 GCN5-

T612G 

Ac-CoA 4.0±0.1 38.5±0.3 9.6±3.7 

4PY-CoA 0.9±0.1 12.5±0.5 14.7±5.6 

5HY-CoA 0.6±0.03 14.4±0.2 22.5±8.6 

6HY-CoA 0.3±0.04 3.8±0.1 13.1±5.0 

3AZ-CoA 0.2±0.04 8.9±0.3 44.5±17.0 

p300 

Ac-CoA 17.3±4.8 34±3.0 2.0±0.8 

3AZ-CoA 8.6±0.4 14.0±0.2 1.6±0.6 

4PY-CoA 2.4±0.3 0.4±0.001 0.2±0.07 

5HY-CoA —
a
 —

a
 —

a
 

6HY-CoA —
a
 —

a
 —

a
 

a. These values could not be determined due to weak activity. 

 

All supplementary tables are available online at: 

http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00114 
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CHAPTER 3. Integration of Bioorthogonal Probes and Q-FRET for the Detection of 

Lysine Acetyltransferase Activity 
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Abstract 

Lysine acetyltransferases (KATs) are key players in the epigenetic regulation of gene 

function. The recent discovery of diverse KAT substrates implies a broad spectrum of cellular 

functions of KATs. Many pathological processes are also intimately associated with the 

dysregulation of KAT levels and activities. However, detecting the enzymatic activity of KATs 

has been challenging, and this has significantly impeded drug discovery. To advance the field, 

we developed a convenient one-pot, mix-and-read strategy that is capable of directly detecting 

the acylated histone product through a fluorescent readout. The strategy integrates three 

technological platforms-bioorthogonal KAT substrates labeling, alkyne-azide click chemistry, 

and quenching FRET-into one system for effective probing of HAT enzyme activity. 

Introduction 

Lysin acetyltransferases (KATs) are important posttranslational modification enzymes that 

charge acetyl groups to substrate lysine residues; with most well studied in nucleosomal histones. 

Since their genetic identification in the mid-1990s, KATs have been extensively researched 

particularly in terms of structural characterization, biochemical properties, and functions in 

physiology and pathology.84-88 Based on their conserved domain sequences, KATs are 

categorized into several major families, including the GCN5/PCAF family, the p300/ CBP 

family, and the MYST (MOZ, Ybf2/Sas3, Sas2, Tip60) family. Each KAT member transfers the 

acetyl group from acetyl-coenzyme A (acetyl-CoA) to the epsilon amino group of specific lysine 

residues in their protein substrates. Owing to their capability of acetylating the nucleosomal 

histones, KATs are important epigenetic regulators for the control of DNA transcription, 

replication, and damage repair.89,90 (In recent years lysine acetylation has 
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become better appreciated as a common post-translational modification in proteins, far out of the 

chromatin realm.) Mass spectrometry-based proteomic screening has identified a vast number of 

non-histone substrates, thus suggesting the general significance of lysine acetylation in biology 

50,91-93 As the pathological significance of KATs has become increasingly clear, it is expected 

that many unknown functions of KATs in the cell will be elucidated. Deregulation of KAT levels 

and activities have been observed in and are associated with many disease phenotypes such as 

inflammation,94 diabetes mellitus,13,95 obesity,96 neurological disorder,97 cancer,14,86 

hematologicdiseases,85,98,99 cardiovascular disorders,100,101 and viral infection,102.  

Given the physiological and pharmacological significance of KATs, it is imperative to 

develop isoform-selective KAT inhibitors as either mechanistic tools or therapeutic lead agents. 

To move this field forward, reliable and efficient biochemical methods that can be applied to 

detect KAT activity and screen thousands of library compounds are critically needed. Simplicity, 

sensitivity, dose-dependent linearity, and signal robustness are often important factors to 

consider in the design of enzymatic assays. Nevertheless, the detection of KAT activity is 

technically challenging: the transferred acetyl group is both chemically and spectroscopically 

inert so that there are no straightforward detectable readouts under routine assay settings. Till 

now, different strategies had been developed to study KAT activity based on different detection 

principles, each of which has pros and cons. Radiometric assays relying on isotope-labeled 

acetyl-CoA represent the gold standard in the characterization of KAT activities because of their 

relatively high sensitivity.103-105 Handling radioactive hazards, however, is a concern for many 

laboratories. Quantitation of CoA, the side product of the KAT reaction, by using either 

chemical- or enzyme-coupled spectroscopic methods is also widely adopted. Antibody-based 

immunosorbent assays are sensitive and commonly applied by molecular biologists who study 
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biological functions of lysine acetylation.106 However, the high cost of antibody production and 

sacrifice of lab animals limit their use in large-scale applications. It should be noted that many 

assay types require products to be separated from the reaction mixture before signal detection; 

this is a painful technical bottleneck in a high-throughput study. Therefore, homogeneous, 

spectroscopic, mix-and-read assays for KAT activity detection are the preferred approach.43,107 

In this study, we demonstrate a fluorescent assay strategy for KAT activity detection by 

aligning several chemical biology techniques into one system: bioorthogonal protein acetylation 

labeling, alkyne-azide click chemistry, and quenching-fluorescence resonance energy transfer 

(Q-FRET). As is shown in Figure 3.1, the first step is to create a bioorthogonal enzyme-cofactor 

matching pair so that the KAT enzyme can take up orthogonal acyl-CoA cofactors for histone 

modification. We recently identified several active bioorthogonal pairs for the KAT members 

MOF, GCN5 and p300.42 Interestingly, 3-azidopropanoyl CoA (3AZ-CoA) is a highly effective 

surrogate of acetyl-CoA that can be used as a cofactor by several KAT enzyme forms.  

Interestingly, 3-azidopropanoyl CoA (3AZ-CoA) is a chemically active surrogate of acetyl-CoA 

that can be used as a cofactor by several KAT enzyme forms. We decided to carry out the 

enzymatic reaction with a histone substrate containing a fluorescent donor (e.g., fluorescein). 

Upon KAT-catalyzed acylation, the added 3-azidopropanoyl group in the substrate can be treated 

with a FRET acceptor chromophore though alkyne–azide cycloaddition click chemistry. In this 

way, the donor and acceptor will be brought into spatial proximity within the same molecule, 

leading to FRET signal transduction. The advantage of this new strategy is that the 

intramolecular FRET mechanism occurs in situ as a function of the progress of the KAT-

catalyzed reaction. This will be a straightforward mix-and-read KAT assay approach, without 

any tedious washing procedure, that possesses highthroughput capacity. 
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Result and Discussion 

As a proof of concept, we chose the MYST enzyme MOF (male absent on the first, MYST1, 

HAT8/KAT8) to demonstrate the FRET detection strategy. MOF is the key acetyltransferase 

responsible for the acetylation of lysine-16 of histone H4.108 We recently determined that active 

site engineering of MOF by mutating its isoleucine-317 to alanine expanded the cofactor binding 

site resulting in a consequence that MOF-I317A was able to utilize bulky acetyl-CoA surrogates 

such as 3AZ-CoA to modify histone substrates.42 Indeed, kinetic characterization on histone H4 

peptide modification showed that MOF-I317A mutant exhibited a strong activity toward 3AZ-

CoA, twice that of acetyl-CoA (Table 3.1). In contrast, wt-MOF had good activity for the 

nascent cofactor acetyl-CoA, but with minimal activity toward 3AZ-CoA. Therefore, MOF-

I317A-3AZ-CoA is a superior bioorthogonal pair for MOF substrate labeling. Importantly, the 

clickable functionality of the 3-azidopropanoyl group offers a great power for downstream 

detection of modified substrates by using fluorescent reporters or affinity tags through copper-

catalyzed azide–alkyne cycloaddition (CuAAC) 109 or strain-promoted azide–alkyne 

cycloaddition (SPAAC).110 

To construct the one-pot assay, we used a fluorophore-labeled histone peptide substrate (i.e., 

H4-FL) containing the 20 N-terminal residues of histone H4 but with Leu10 replaced with a 

fluorescently labeled lysine. First, 3AZ-CoA and H4-FL were incubated with different 

concentrations of MOF-I317A for 1 h to allow the acylation to occur. After the reaction, a 

cocktail of click reagents that contained propargyl-DABCYL, copper sulfate, ligand 3-(4-

((bis((1-tert-butyl-1H-1,2,3-triazol-4-yl)methyl)amino) methyl)-1H-1,2,3-triazol-1-yl)propanol 

(BTTP), and sodium ascorbate in dimethyl sulfoxide (DMSO) was added. After further 

incubation for 1 h, 0.25 M guanidine hydrochloride was added in order to eliminate any 
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nonspecific interaction between the cofactor and the histone substrate.105 In the final step, the 

fluorescence emission spectra were measured with a fixed excitation wavelength of 491 nm. As 

expected, emission of fluorescein decreased as more enzymes were added (Figure 3.2a); this 

illustrates the effectiveness of this detection platform: the enzyme delivered the 3-

azidopropanoyl group to Lys16 of the H4 substrate, then propargyl-DABCYL specifically 

reacted with the azide (CuAAC) to form a covalent triazole linkage; in this way the quencher 

chromophore was brought into close proximity to the fluorescein donor, and thus an 

intramolecular quenching-FRET process between DABCYL and fluorescein was introduced, 

diminishing the fluorescence of the donor. Impressively, the fluorescence intensity changed 

linearly as a function of enzyme concentration (Figure 3.2b); this indicates that the quenching 

effect is proportional to the yield of acylated histone product.  

The fluorescent changes in response to the enzymatic reaction time were also tested. At 

different time points of reaction, a DMSO solution of click reagent was added to quench the 

enzymatic reaction and meanwhile initiate the alkyne-azide cycloaddition reaction. Next, 0.25 M 

of guanidine hydrochloride was added and the fluorescence intensity was measured. As shown in 

Figure 3.3, the fluorescence intensity decreased linearly as a function of enzymatic reaction time; 

this further supports the hypothesis that this assay offers a quantitative approach for detecting the 

product of MOF catalysis. To test whether this method could be used to determine the kinetic 

parameters of substrates, a range of 3AZ-CoA concentrations were selected for the enzymatic 

reaction followed by fluorescent measurement. Increasing 3AZ-CoA concentration led to a 

hyperbolic decrease in fluorescence intensity because more azidoacyl groups were transferred to 

H4-FL (Figure 3.4). The hyperbolic curve was fitted to a modified Michaelis–Menten equation  
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to give an apparent Km value of 1.5±0.1 M, which was within range of the Km of 2.7±0.2 M 

that was measured by using a regular 7-diethyamino-3-(4’-maleimidylphenyl)-4-methylcoumarin 

(CPM)-CoA fluorogenic assay (Table 3.1).  

The excellent performance of this FRET strategy for detecting KAT activity suggests that it 

could easily be used for KAT inhibitor screening and optimization. We tested whether our new 

approach can be used to quantify the potency of anacardic acid—a known inhibitor of the MYST 

KATs 111 and p300 112—in MOF inhibitior. In this experiment, different concentrations of 

anacardic acid were present in the H4 acylation reaction catalyzed by MOF-I317A. We 

anticipate that increasing the inhibition of MOF activity by higher concentrations of anacardic 

acid would reduce the transfer rate of the 3-azidopropanoyl group to H4-FL. Consequently, less 

propargyl-DABCYL would be recruited to the substrate, and the FRET interaction would be 

reduced, with concurrent higher fluorescence emission. Indeed, the fluorescence intensity 

increased as a function of anacardic acid concentration (Figure 3.5a). By fitting the dose 

response curve to the modified inhibitor concentration-response equation, the IC50 value was 

calculated to be 3.2 ± 0.5 M. This value is almost the same as the IC50 value (3.4 ± 0.5 M) 

measured using the standard radiometric acetylation assay in which [14C]Ac-CoA was the 

cofactor (Figure 3.5b). Therefore, the quenching-FRET assay is a valid approach for studying 

the KAT inhibitors. Given that the development of selective chemical probes of KATs has 

lagged in epigenetic drug discovery, biochemical assays that effectively detect KAT activity are 

of significant value to discovering KAT probes in a high-throughput manner. We expect that the 

new design will help fill the gap in this important biomedical arena. 
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Conclusion 

In summary, by welding several technologies, that is, bioorthogonal KAT substrate labeling, 

CuAAC click chemistry, and quenching-FRET, into one platform, we have developed a 

homogeneous one-pot fluorescent assay approach for detecting KAT activity. This method 

directly measures the acylated histone product, has advantages over the current CPM fluorescent 

method that measures the by-product, CoA.43,113 The latter assay is easily susceptible to 

background fluorescence interference, and the instability of acetyl-CoA can lead to false positive 

results. With our new approach, the fluorescent readout is linearly proportional to the yield of the 

acylated product. The distance-dependent intramolecular FRET mechanism suggests that this 

assay type is more suitable to organic dyes in inhibitor screenings. Protein acylation is an 

emerging area of science114, and the high- performance assay strategy presented here has great 

potential to be widely applied to other KATs and acyltransferases. 

Methods and Materials 

Preparation of 3AZ-CoA, MOF mutagenesis, protein expression of MOF-wt and MOF- 

I317A in BL21(DE3) bacteria cells were done according to previous procedures.42 Histone 

peptides H4-20 (Ac-SGRGKGGKGLGKGGAKRHRK) and H4-FL (Ac-SGRGKGGKGK 

(fluorescein) GKGGAKRHRK) peptides were synthesized according to standard solid-phase 

peptide synthesis (SPPS) protocols, purified by C18 RP-HPLC and characterized by MALDI-MS, 

as previously described.115 

Synthesis and characterization of propargyl-Dabcyl 

4-([4-(Dimethylamino)phenyl]azo) benzoic acid succinimidyl ester (DABCYL SE) (50 mg,  

136.5 mol, 1.0eq.), propargyl amine (15mg, 273 mol, 2.0eq.) and triethylamine (20 L, 136.5 

mol, 1.0 eq.) were mixed in 3.5 mL of anhydrous dimethylformamide (DMF) and stirred 
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overnight at room temperature. Then, DMF was removed with rotary evaporation and product 

was dissolved with methanol and loaded onto SiO2 column. Column was then washed with 

solvent of hexane: ethyl acetate = 1:2 and orange eluent was collected. Solvent was removed 

with rotary evaporation and lyophilization. Product structure was confirmed by ESI-MS and 

NMR.  

Enzyme-cofactor kinetic characterization 

H4-20 peptides and cofactors at various concentrations were incubated in reaction buffer  

containing HEPES (50 mm, pH 8.0) and EDTA (0.1 mm) at 30 oC. Enzyme (0.05 M) was 

added to initiate the reaction, which lasted for 10 min. After that, CPM (10 M) in DMSO was 

added both to quench the enzymatic reaction and to initiate the CoA CPM reaction. After 20 min, 

fluorescence intensities were measured by using a microplate reader with fixed ex=392 nm and 

em= 482 nm. Fluorescence readouts were plotted against cofactor concentrations with a 

modified Michaelis–Menten equation F = F0 +  
(Ff− F0)∗[S]

Km+[S]
 to get the apparent Km value.  

Measurement of IC50 

For the filter binding assay, reaction mixture (30 mL), which included various  

concentrations of anacardic acid, MOF-I317A (0.5 M), [14C] Ac-CoA (5 M), and H4-FL (5 

M) was incubated at 30 oC for 30 min. Then, a sample (20 mL) was spotted onto a p81 filter 

paper disk. The disks were washed with NaHCO3 (50 mM, pH 9.0) and air dried. Liquid 

scintillation counting was performed to quantitate the amount of acetylated peptides. The IC50 

value was calculated by using the inhibitor concentration–response equation:  

Fration of inhibited enzyme activity =  
1

1 + (
[I]

[IC50]
)h
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For the IC50 measurements using Q-FRET assay, anacardic acid at various concentrations 

was incubated with MOF-I317A (0.5 M), 3AZ-CoA (5 M), and H4-FL (5 M) at 30 oC for 30 

min (20 L reaction mixture). Click reagent DMSO solution (25 L) was added, then the 

mixture was incubated for 1 h at room temperature in the dark. The fluorescence intensity was 

measured with a CLARIO star microplate reader (BMG LABTECH, Cary, NC, USA) in the 

fluorescein channel after the addition of guanidine hydrochloride (0.25 M). Fluorescence 

intensities were plotted against inhibitor concentrations by using a modified inhibitor 

concentration– response equation: F0 −  F =  
F0−Ff

1+(
[I]

[IC50]
)h

. 

 

 

 

 

 

 

 

 

 



 

50 

Figures, Tables and Captions 

 

Figure 3.1 Using a quenching fluorescence resonance energy transfer (Q-FRET) assay in 

conjugation with bioorthogonal substrate labeling to detect KAT activity.  

wt-KAT=wild type lysine acetyltransferase, mt-KAT=mutant lysine acetyltransferase, 

FL=fluorescein. 
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Figure 3.2. The quenching FRET is dependent on the enzyme concentration.  

MOF-I317A at various concentrations was incubated with 5 M of H4-FL and 10 M of 3AZ-

CoA followed by incubation with propargyl-DABCYL. The mixture was excited at 491 nm, then 

emission spectra were collected at each enzyme concentration. a. Fluorescence spectra with 

ex=491 nm. b. Linear relationship between fluorescence intensity at 520 nm and enzyme 

concentration. 
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Figure 3.3. Fluorescent changes in response to enzymatic reaction time.  

Enzymatic reaction was initiated by mixing MOF-I317A, H4-FL and 3AZ-CoA and was 

quenched at different time points. Excess alkyne DABCYL was added to the modified peptides 

to form quenching-FRET pairs with the anchored fluorescein. a. Changes in fluorescence spectra 

in response to reaction time with ex=491 nm. b. Linear relationship between fluorescence 

intensity at 520 nm and enzymatic reaction time. 
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Figure 3.4. Fluorescence intensity as a function of the concentration of 3AZ-CoA.  

3AZ-CoA at different concentrations was incubated with 0.7 M of MOF-I317A and 5 M of 

H4-FL to produce various amounts of azide-labeled H4-FL. Propargyl-DABCYL was then 

conjugated to the modified peptides, and the fluorescence was measured. Fluorescence decreases 

with increasing concentration of 3AZ-CoA due to the increasing Q-FRET effect. The obtained 

Km value of MOF-I317A with 3AZ-CoA is 1.5 ± 0.1 M. 
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Figure 3.5. Quantitation of anacardic acid potency for HAT inhibition.  

a. Using Q-FRET to measure the IC50 value of anacardic acid (enzymatic reaction components 

included MOF-I317A, H4-FL and 3AZ-CoA); the obtained IC50 was 3.2±0.5 M. b. Using a 

filter binding assay to measure IC50 value of anacardic acid (enzymatic reaction components 

included MOF-I317A, H4-FL and 14Ac-CoA); the measured IC50 of anacardic acid was 3.4±0.5 

M. 

 

Table 3.1. Kinetic parameters of MOF for the nascent and orthogonal cofactors. 

“—“means the values were unmeasurable because of the low reading. 

 

 

 

1.1 10
5

1.15 10
5

1.2 10
5

1.25 10
5

1.3 10
5

1.35 10
5

1.4 10
5

1.45 10
5

0 10 20 30 40 50

F
lu

o
re

s
c
e
n

c
e
 I
n

te
n

s
it

y
 (

C
P

S
)

[Anacardic Acid] / M

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50

In
h

ib
it

o
ry

 E
ff

e
c
t 

(%
 o

f 
E

I)

[Anacardic acid] /M

a. b.

Enzyme Cofactor Km/M kcat/min-1 kcat/Km (M-1.min-1) 

MOF-wt 
Ac-CoA 1.3 ± 0.1 5.2 ± 0.1 4.0 ± 1.5 

3AZ-CoA — — — 

MOF-I317A 
Ac-CoA 3.5 ± 0.2 2.2 ± 0.0 0.6 ± 0.2 

3AZ-CoA 2.7 ± 0.2 3.2 ± 0.1 1.2 ± 0.5 
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CHAPTER 4 Revealing the Lysine Propionylation Activity of the Lysine Acetyltransferase 
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Abstract 

Short-chain acylation of lysine residues recently emerges as a group of reversible 

posttranslational modifications in mammalian cells. The diversity of acylation further broadens 

the landscape and complexity of the proteome. Identification of regulatory enzymes and effector 

proteins for lysine acylation is critical to understand functions of these novel modifications at the 

molecular level. Here, we report that the MYST family of lysine acetyltransferases (KATs) 

possesses strong propionyltransferase activity both in vitro and in vivo. In particular, the 

propionyltransferase activity of MOF, MOZ, and HBO1 is as strong as their acetyltransferase 

activity. Overexpression of MOF in human cells induced significantly increased propionylation 

in multiple histone and non-histone proteins, which manifests that the function of MOF goes far 

beyond its canonical histone H4 lysine-16 acetylation. We also resolved the X-ray co-crystal 

structure of MOF bound with propionyl coenzyme A (propionyl-CoA, Pro-CoA) which provides 

a direct structural basis for the propionyltransferase activity of the MYST KATs. Our data 

together defines a novel function for the MYST KATs as lysine propionyltransferases and 

suggests much broader physiological impacts for this family of enzymes. 

Introduction 

Short-chain acylations of lysine residues in cellular proteins such as acetylation, 

propionylation, and crotonylation are reversible posttranslational modifications (PTMs) that 

modulate functions and properties of protein targets 8. The variety of lysine acylation has been 

proposed to correlate with divergent biological outputs 6,25. Etiologically, lysine acylations rely 

on acyl-coenzyme A (acyl-CoA) molecules to serve as the acyl donors, which are key metabolic 

intermediates in the Krebs cycle, fatty acid oxidation, and amino acid degradation 116. The level 

of acyl-CoA intermediates fluctuates with nutritional status and altered activities of metabolic 
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enzymes. Toxic accumulation of acyl-CoA molecules is associated with a broad variety of 

complications 4,117. A typical example is the propionic acidemia, an autosomal recessive 

metabolic disorder caused by the deficiency of propionyl-CoA carboxylase (PCC) 118. Increase 

of propionyl-CoA and protein lysine propionylation level were reported in PCC deficient patient 

samples, but the disease relevant targets and the corresponding regulatory enzymes are not 

defined 4. It is also increasingly recognized that the gut microbiota-related short-chain fatty acids 

interacts with and modulates the mammalian epigenetic machinery, especially histone acylation 

and methylation 119,120. Nevertheless, it remains poorly understood how the alterations in acyl-

CoA metabolites and protein acylation levels are causatively linked with the related diseased 

phenotypes. Understanding the regulatory mechanisms of short-chain lysine acylation such as 

lysine propionylation will have profound significance to elucidate the pathophysiological 

mechanisms of metabolic diseases. 

In understanding the mechanistic links of acylation diversity with varied physiological 

outputs, a significant challenge is to resolve how different acylations are deposited, interpreted, 

and erased in the cell. In eukaryotes, protein acetylation marks are introduced by lysine 

acetyltransferases (KATs), which are classified into three major families based on primary amino 

acid sequence and domain organization including the MYST, the PCAF/GCN5, and the 

p300/CBP family 10. These KATs, together with lysine deacetylases (KDACs), orchestrate the 

dynamics of lysine acetylation in the cell. Numerous studies have shown that aberrant expression 

and dysfunction of KATs are associated with various kinds of disease phenotypes such as 

inflammation, neurodegenerative disorders and cancers 40,121,122. In 2007, Chen et al. detected 

lysine propionylation in human histone H4 and p53 using high resolution mass spectrometry 

(MS) and found that p300 and CBP can catalyze protein propionylation 28. Following that study, 
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GCN5 and PCAF, members of the GNAT superfamily, were also found to possess 

propionyltransferase activity 26,27,123. These findings largely increased mechanistic complexity 

and diversity of the KAT related physiological activities. The MYST KATs represent a distinct 

family whose sequence and function are dramatically different from the members of p300/CBP 

and PCAF/GCN5 families. It remains an open question whether or not the members of the 

MYST family possess lysine propionyltransferase (KPT) activity (Figure 4.1).124 In this work, 

we have conducted a combined suite of biochemical, cellular, and structural experiments and 

demonstrated that the MYST KATs have genuine KPT activity both in vitro and in vivo.  

Result and Discussion 

Propionyl-CoA is an abundant metabolite in human cells. 

Several novel acylations other than acetylation on protein lysine residues have been 

identified, such as propionylation, butyrylation, crotonylation, succinylation, and malonylation 

23,28,125. Thus far, it remains poorly understood as regards to the cellular abundance of the acyl-

CoA molecules for corresponding acylations. To understand the regulation of protein 

propionylation, we first quantified and compared the cellular abundance of endogenous 

propionyl-CoA and acetyl-CoA in the human embryonic kidney 293T (HEK293T) cells. 

Following cell culture, acyl-CoA molecules were extracted in 50% methanol and subjected to the 

LC-MS detection. Deuterated acetyl-CoA and propionyl-CoA were used as internal standards for 

calibration. Triplicate experiments were performed and showed that the cellular propionyl-CoA 

concentration is 92 ng/mg cellular proteins and acetyl-CoA is 754 ng/mg cellular proteins. Thus, 

the abundance of propionyl-CoA is about 12% that of acetyl-CoA (Figure 4.2). Considering that 

acetyl-CoA is a rich and principal metabolite for cell growth, propionyl-CoA, even 8 times less 

abundant than acetyl-CoA, has the potential to serve as an ample source for lysine propionylation. 
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The recombinant MYST KATs have strong lysine propionyltransferase activity. 

A few studies have demonstrated that GCN5/PCAF and p300/CBP members were able to 

carry out lysine propionylation, butyrylation, crotonylation, etc. in addition to their intrinsic 

acetylation activity 25,26,28. In contrast, although the MYST enzymes represent the largest KAT 

family in human cells, their cofactor promiscuity is much less studied. Very recently, MOF was 

shown to carry out butyrylation and crotonylation on histone substrates 29,126. These evidence 

hints for the cofactor promiscuity of the MYST enzymes. Herein, we thoroughly investigated the 

novel acyltransferase activity of MYST KATs comparatively and from different perspectives. 

First, we screened and compared the KPT activity of the three families of KATs on their histone 

H3 or H4 peptide substrates (H3-20 and H4-20, the N-terminal 20-aa sequence of histone H3 and 

H4). A fluorogenic assay was used to determine the kinetic constants of KATs including Km and 

kcat with respect to acetyl-CoA or propionyl-CoA under the initial velocity condition 43. The 

kcat/Km ratio was calculated to quantitatively compare the KPT and KAT activities of individual 

KATs. In consistence with the previous studies showing that PCAF/GCN5 and p300/CBP 

members possess KPT activity 26,27,127, our kinetic measurement showed that the KPT activity of 

GCN5 and HAT1 is almost equally strong compared to their KAT activity while the KPT 

activity of PCAF and p300 is about 40% and 30% of their acetyltransferase activity (Table 4.1). 

Interestingly, the MYST KAT members, including MOF, HBO1, and MOZ, show strong KPT 

activity with ratios of their KPT/KAT activity to be 0.84, 0.99, and 1.04 respectively. The MYST 

KATs Tip60 and MORF also showed appreciable KPT activities, which are 12% and 17% of 

their KAT activity. After we demonstrated the propionyltransferase activity of the KAT enzymes 

on histone peptides, we then tested the KPT activity of the MYST KATs on the proteome of the 

293T cell using an anti-propionyllysine antibody (Figure 4.3). Compared with the untreated cell 
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lysate, sole propionyl-CoA co-incubation did not induce increase of lysine propionylation on 

cellular proteins while treatment of the cell lysate with propionyl-CoA and individual MYST 

KATs induced extensive propionylation of multiple histone and non-histone proteins. In 

particular, MOF showed the strongest KPT activity on cellular proteins. Together, the steady-

state kinetic data and the western blot analysis of whole protein propionylation strongly 

demonstrate that the MYST KATs are bona fide KPTs. Next, we focus on MOF for further 

biological, structural, and biochemical investigation of the novel KPT activity of the MYST 

enzymes. 

MOF acetylates and propionylates largely shared substrates with subtle variation. 

After proving the KPT activity of the MYST enzymes on cellular histones and non-histones, 

we investigated the similarity of MOF-mediated sub-acetylome and sub-propionylome. Peptide 

proteomic analyses were applied to identify MOF acetylation and propionylation sites on the H4-

20 peptide. Mono-acylated H4-20 is the major product from MOF catalyzed acetylation reaction 

and the di-acylated H4-20 also present with lower yield than mono-acylated product (Figure 

4.4,). Notably, the acylation sites were slightly different: K8, K12, and K16 were found 

acetylated while K8 and K16 were propionylated. In further detail, mono-acetylation of H4-20 

occurs on K8 and K16 while di-acetylated peptides have acetylated K8 and K12, K16 and K12, 

and K8 and K16, respectively. For H4-20 propionylation, K8- and K16- mono-propionylated 

peptides were detected, and di-propionylated peptides have propionylated K8 and K16 

simultaneously (Table 4.2). Thus, both K8 and K16 are prone to undergo both acetylation and 

propionylation by MOF while K12 may be a weak acetylation site of MOF. Next, we tested 

MOF substrate specificity on the histone proteins and nucleosomes with western blot analysis. 

Using free histones as substrates, MOF was able to modify all the four core histones for both 
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acetylation and propionylation (Figure 4.5a) while MOF cannot acylate histone H3 on the 

nucleosomes (Figure 4.5b). Both MOF catalytic domain and full-length MOF showed the same 

substrate specificity, suggesting that the chromo domain did not affect the interaction between 

MOF and nucleosomes. Accumulated studies indicated that the histone proteins are not the only 

substrate of MOF 6,37,128,129; therefore, we next explored MOF substrate profile on cellular 

proteome. Since the extracted cellular proteome has gone through acylations by endogenous 

KAT enzymes, it is hard to accurately discriminate MOF sub-acylome from the bulk acylome 

with immunoblot assays. Thus, a radiometric gel assay was performed to compare the substrates 

acetylation and propionylation driven by MOF (Figure 4.6). In accord with the western blot 

results shown in Figure 4.3 and Figure 4.5, little non-enzymatic labeling on lysine residues 

driven by the chemical reactivity of acetyl-CoA and propionyl-CoA was observed. Treatment of 

the cell lysate with acyl-CoA and MOF together induced strong acylation of multiple proteins 

from the cellular proteome. A highly identical modification pattern was observed between lysine 

acetylation and propionylation, which is suggestive that MOF acetylome and propionylome may 

largely overlap. MOF auto-acetylation was previously reported by Yang et al 130. We observed 

that MOF underwent auto-propionylation with similar activity compared to auto-acetylation. The 

fact that multiple non-histone proteins were being acylated by MOF is in agreement with the 

previous findings that MOF targets both histone and non-histone proteins.6,128,131-133 Overall, 

MOF may have highly identical acetylome and propionylome while the modification levels at 

individual lysine residues could differ to varying degrees. 

MOF is a genuine lysine propionyltransferase in vivo with a distinct substrate profile. 

The above biochemical experiments demonstrated that the recombinant MYST KATs 

catalyze propionylation of histone and non-histone proteins in vitro. We next focused to test 
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MOF propionyltransferase activity in vivo and determine the MOF propionylome. A model of 

MOF overexpression was created in HEK293T cells by lentivirus transient transfection (Figure 

4.7a). Following cell culture and cell lysate extraction, the acylation levels of cell proteome were 

examined with western blot analyses. Both lysine acetylation and propionylation in extracted 

histones were drastically upregulated in the presence of MOF overexpression (Figure 4.7b). 

Particularly, MOF overexpression induced increased levels of acylation on both histone H4 and 

H2A/2B while histone H3 acylation did not change, which are consistent with the in vitro data 

shown in Figure 4.5b. Therefore, H3 is likely not a significant in vivo substrate of MOF. Of note, 

H4K16 propionylation was upregulated with MOF overexpression (Figure 4.7c), in accord with 

the previous knowledge that H4K16 is a primary substrate of MOF.134 We also observed that 

multiple non-histone proteins were acetylated and propionylated at enhanced levels in response 

to MOF overexpression, and the western blot profiles of substrate propionylation and acetylation 

are highly identical (Figure 4.7d). This result is in consistence with the radiometric gel assay 

(Figure 4.6) and strengthens our hypothesis that MOF have shared substrates for KAT and KPT 

activities. In addition, we detected the change of lysine propionylation level on cellular proteome 

in response to varying propionyl-CoA concentrations (Figure 4.8). The 293T cells were treated 

with sodium propionate, which can be converted to propionyl-CoA in the cells through the acyl-

CoA synthase pathway,135 and cellular proteins were extracted for western blot detection. 

Treatment of both the control and MOF-overexpressed cells with sodium propionate induced 

increase of lysine propionylation on both histone and non-histone proteins. Interestingly, the 

western blot patterns show appreciable difference between the control cells and MOF-

overexpressed cells upon propionate treatment, suggesting that some proteins are only 

propionylated in the MOF-overexpressed cells. These results indicate that MOF may have a 
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distinct substrate propionylome and the unique MOF function cannot be compensated by other 

KPT enzymes. Together, MOF displayed in vivo KPT activity on both histone and non-histone 

proteins. The propionylation substrate profile of MOF is highly similar to that of acetylation, but 

is partially distinct from other KPTs. 

Proteomic profiling of MOF-mediated propionylome. 

Tandem MS was carried out to further investigate the propionylation substrates of MOF in 

the 293T cellular proteome. The MOF-overexpressed and control cells were treated with 

deuterated sodium propionate (Sodium propionate_D5), followed by cell lysate extraction, 

affinity enrichment with anti-propionyllysine antibody, and LC-MS/MS analyses. As shown in 

Figure 4.9, the number of d5-propionylated lysine sites (Kpr_D5) in cellular proteins greatly 

increased, from 36 to 60, upon MOF overexpression. Excitingly, 43 unique propionylation sites 

were identified in MOF-overexpressed cells which were not present in the control cells. These 

emerging sites most likely represent bona fide cellular substrates of MOF (Table 4.3). These 

proteins include known MOF substrates such as p53 and MOF 6,130. H4K16 was found in the 

propionylation list, which is consistent with the in vitro and in vivo data (Table 4.2 and Figure 

4.7c) and also matches the previous literature showing that MOF can acetylate H4K16 in 

mammalian cells 133. Additionally, we identified several new histone propionylation sites at 

H4K12, K16, and H2AK5, K9 in the MOF-overexpressed cells, which is in agreement with the 

western blot data that the propionylation levels of histone H2A/H2B and H4 were upregulated 

upon MOF overexpression (Figure 4.7b). It is worth mentioning that 17 out of the total 60 

Kpr_D5 sites in the MOF-overexpressed cells were found in the control cells as well. These 

shared modification marks could be the common substrates of MOF and other KPTs. Also, 19 

Kpr_D5 sites were only identified in the control cells but not in the MOF-overexpressed cells. 
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These lysine sites might be the substrates of other KPTs such as GCN5 or p300 and their 

propionylation level are not high enough to be detected in the MOF-overexpressed cells due to 

the strong competition from the overexpressed MOF. Overall, these proteomic data demonstrate 

that MOF propionylates a wide range of cellular proteins. The finding that MOF propionylates 

multiple protein substrates indicates broader involvement of MOF in biological regulation and its 

versatile functions. 

The crystal structure of MOF in complex with propionyl-CoA further supports the KPT 

activity of the MYST enzymes. 

To gain structural insight into the KPT activity of MOF, we solved the crystal structure of 

MOF catalytic domain in complex with propionyl-CoA at 1.78 Å resolution (Table 4.4 and 

Figure 4.10). Binding of propionyl-CoA to the MOF catalytic domain did not cause any major 

structural change in MOF structure, as the MOF-propionyl-CoA binary structure is almost 

identical to that of the previously solved MOF-acetyl-CoA complex (PDB: 2GIV). The Cα of 

these two structures can be superimposed with root-mean-square deviation (RMSD) of just 0.17 

Å. Similar to the MOF-acetyl-CoA structure, the overall fold of MOF-propionyl-CoA adopts an 

elongated shape. The structure is comprised of a central core region, flanked on the opposite 

sides by N- and C-terminal domains (Figure 4.10a). The catalytic site of the MYST family of 

KATs involves a catalytic cysteine (Cys316 in MOF), and a conserved glutamate (Glu350 in 

MOF) function as general base. An auto-acetylated lysine at the active site (Lys274 in MOF) is 

also critical for the KAT activity.136,137 Our structure shows that the active site of MOF can well 

accommodate propionyl-CoA and Fo-Fc omit map shows clear density for the terminal methyl 

group in propionyl-CoA (Figure 4.10b). Like acetyl-CoA, propionyl-CoA binds to MOF 

between the core domain and C-terminal domain in a bent conformation, interacting mostly with 
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the 10-loop-4 region of the core domain and loop-5 region of the C-terminal domain (Figure 

4.10a). When the two complex structures are overlaid together, the propionyl-CoA molecule in 

the MOF-propionyl-CoA structure can superimpose with the corresponding moiety of the acetyl-

CoA molecule in the MOF-acetyl-CoA complex structure very well (Figure 4.10c). Most of the 

interactions between MOF and acetyl-CoA in the MOF-acetyl-CoA structure are still conserved 

in the MOF-propionyl-CoA structure. However, propionyl–CoA makes two extra hydrophobic 

interactions through its propionyl group with Val314 and Pro349 in MOF (Figure 4.10c). 

Sequence alignment reveals that both Pro349 and Val 314 in MOF are conserved amino acid 

residues through all the five eukaryotic MYST KATs (Figure 4.11). These two interactions 

could contribute to the proper orientation of the propionyl group. The crystallographic data 

provide direct structural evidence that the MYST KATs behave as a dual activity enzyme for 

catalyzing both propionylation and acetylation. 

To test the necessity of the two residues Val314 and Pro349 of MOF for its KPT activity, 

we conducted site-directed mutagenesis to replace MOF-Val314 or Pro349 with Ala and then 

tested the KAT and KPT activity of wt-MOF, MOF-V314A, and MOF-P349A using the 

fluorescent CPM assay to obtain the kinetic constants kcat and Km with respect to acetyl-CoA and 

propionyl-CoA (Table 4.5). Both MOF-V314A and P349A showed decreased intrinsic 

enzymatic activity on acetylation, retaining 30% and 20% activity compared with the wt-MOF. 

The KPT activity of MOF-V314A abolished 55% of wt-MOF while mutation of Pro349 to Ala 

abolished more than 95% the KPT activity of wt-MOF. These data suggest that the interaction 

between the propionyl group and MOF involves Pro349 more than Val314; therefore, the 

conserved Pro residue contributes more to the KPT activity of MYST KATs.  
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Conclusion 

The discovery of chemically diverse acylations in proteins represents an exciting area of 

research in biology. It embodies the potential and important regulatory roles of cellular acyl-CoA 

metabolites in the modulation of epigenetics and signal transduction. It would be vitally 

important to determine the cofactor promiscuity of different KATs in order to elucidate the 

biochemical etiology of cellular protein acylations. In this study, we found that the MYST family 

of KATs showed strong bona fide KPT activity. Especially, MOF, MOZ, and HBO1 exhibited as 

strong KPT activity as their classic KAT activity on histone substrates. The analysis of cellular 

proteins with western blot showed that all members of the MYST KATs promote extensive 

lysine propionylation, not only on histones but also on non-histone proteins. These findings that 

the MYST enzymes exhibited a widespread propionylome suggest their much broader 

physiological roles in the regulation of biological processes. We found that MOF has highly 

identical acetylome and propionylome profiles, but the modification levels at the individual 

lysine residues were slightly distinct. That the propionylome of MOF being highly identical to its 

acetylome strongly advocates for the cofactor promiscuity of the MYST enzymes and predicts 

that the dynamics of distinct acylation marks in proteins is greatly influenced by the metabolic 

fluctuation of cellular acyl-CoA variants. We, for the first time, solved the crystal structure of a 

MYST enzyme bound with propionyl-CoA, which provides direct evidence supporting the KPT 

activity of the MYST KATs. Moreover, our data suggest that the residue Pro349 in MOF, 

conserved through the MYST family of KATs, is required for its KPT activity. Future efforts 

will be needed to clarify how the sub-propionylomes of individual KATs differ from each other 

and to address how lysine propionylation impacts on the properties of the substrate proteins in 

various biological pathways. 
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Methods and Materials 

Quantification of cellular acetyl- and propionyl-CoA. 

Human embryonic kidney 293T (HEK293T) cells were cultured to 90% confluence with  

DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1% streptomycin-

penicillin. Cells were washed with ice-cold PBS buffer followed by fixing in methanol at -80 oC 

for 15 minutes. 75 ng deuterated acetyl-CoA and propionyl-CoA were added as internal 

standards. Cells were collected in 50% of methanol with gentle scrape. Cell suspension was 

centrifuged at 16000g and supernatant was collected for LC-MS/MS analysis. An Atlantis® T3 

(4.6×150 mm, 3 m) column coupled with a Phenomenex SecurityGuard C-18 guard column 

(4.0 mm×2.0 mm) was applied for separation. An Agilent 1100 binary pump HPLC system 

(Santa Clara, CA) coupled to a Waters Micromass Quattro Micro triple quadrupole mass 

spectrometer with an ESI source (Milford, MA) was applied for LC–MS/MS analysis. The 

column temperature was controlled at 32 oC. The mobile phase A was 10 mM ammonium acetate, 

and mobile phase B was acetonitrile. Analytes were separated using a gradient method, with a 

0.4 mL/min flow rate, (time/minute, % mobile phase B): (0, 6), (15, 30), (15.01, 100), (22.50, 

100), (22.51, 6). The injection volume was 30 L, and the autosampler injection needle was 

rinsed with methanol after each injection. Samples were analyzed by the mass spectrometer in 

positive ion ESI mode. Nitrogen was used as the desolvation gas at a flow rate of 500 L/h. The 

desolvation temperature was 500 oC and the source temperature was 120 oC. Argon was used as 

the collision gas, and the collision cell pressure was 3.5×10-3 mbar. The capillary voltage was 3.2 

kV, the cone voltage was 42 V and the collision energy was 22 eV. Multiple reaction monitoring 

(MRM) functions were applied for the detection of each acyl-CoA and internal standards. The 

ion transitions monitored were 810→303 for acetyl-CoA, 813→306 for d3-acetyl-CoA, 824→
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317 for propionyl CoA and 829→322 for d5-propionyl-CoA.An Atlantis® T3 (4.6×150 mm, 3 

m) column coupled with a Phenomenex SecurityGuard C-18 guard column (4.0 mm×2.0 mm) 

was applied for separation. An Agilent 1100 binary pump HPLC system (Santa Clara, CA) 

coupled to a Waters Micromass Quattro Micro triple quadrupole mass spectrometer with an ESI 

source (Milford, MA) was applied for LC–MS/MS analysis. The column temperature was 

controlled at 32 oC. The mobile phase A was 10 mM ammonium acetate, and mobile phase B 

was acetonitrile. Analytes were separated using a gradient method, with a 0.4 mL/min flow rate, 

(time/minute, % mobile phase B): (0, 6), (15, 30), (15.01, 100), (22.50, 100), (22.51, 6). The 

injection volume was 30 L, and the autosampler injection needle was rinsed with methanol after 

each injection. Samples were analyzed by the mass spectrometer in positive ion ESI mode. 

Nitrogen was used as the desolvation gas at a flow rate of 500 L/h. The desolvation temperature 

was 500 oC and the source temperature was 120 oC. Argon was used as the collision gas, and the 

collision cell pressure was 3.5×10-3 mbar. The capillary voltage was 3.2 kV, the cone voltage 

was 42 V and the collision energy was 22 eV. Multiple reaction monitoring (MRM) functions 

were applied for the detection of each acyl-CoA and internal standards. The ion transitions 

monitored were 810→303 for acetyl-CoA, 813→306 for d3-acetyl-CoA, 824→317 for propionyl 

CoA and 829→322 for d5-propionyl-CoA. 

Kinetic characterization of acetyl-CoA and propionyl-CoA in KAT mediated histone 

modification. 

Synthetic histone peptides H3-20 or H4-20 (20 amino acids from the N-terminal of histone 

H3 and H4, the sequence of H3-20 is Ac-ARTKQTARKSTGGKAPRKQL, the sequence of H4-

20 is Ac-SGRGKGGKGLGKGGAKRHRK) were used as acyl acceptor substrates. Acyl-CoA at 

varied concentrations was incubated with individual KAT enzymes and peptide at fixed 
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concentration. KAT enzymes deposit acyl groups on the -amine of peptide lysines and release 

CoASH simultaneously. The fluorogenic probe 7-diethylamino-3-(4’-maleimidylphenyl)- 4-

methylcoumarin (CPM) was added to react with by-product CoASH to form the fluorescent 

CoAS-CPM complex 43. The fluorescence intensities were measured with a microplate reader 

(FlexStation® 3). The catalytic rate was determined from the fluorescence intensity. Kinetic 

constants including binding affinity (Km) and catalytic efficiency (kcat) were determined by fitting 

the acyl-CoA concentration-catalytic rate to the Michaelis-Menten equation. 

Profiling of MYST KATs in vitro propionylome. 

The whole lysate of HEK293T cells was extracted using a gentle cell lysis buffer M-PER 

Mammalian Protein Extraction Reagent (Thermo Scientific) together with sonication at 30% 

amplitude using a sonicator (Fisher Scientific, Model 120 Sonic Dismembrator). Protein 

propionylation level was tested with western blot analysis using pan anti-propionyllysine 

antibody (PTM BIOLABS, product number PTM-210). 

Identification of MOF acylation sites on H4-20 peptide using LC-MS/MS analysis. 

100 M H4-20 peptide, 200 M acyl-CoA were incubated with 1 M MOF enzyme for 1 

hour at 30 oC followed by desalting with C18 Zip-tip. The desalted samples were analyzed by 

ACQUITY UPLC system (Waters, Milford, MA) coupled to a Waters SYNAPT G2 mass 

spectrometer (Milford, MA). Peptides were separated on the HALO C18 peptide column (2.7 m, 

4.6 x 100mm, Advanced Materials Technology, Wilmington, DE). Mobile phase A is water 

containing 0.01% formic acid and B is acetonitrile (ACN). The injection volume was 10 L. 

Peptides were separated with a 0.3 mL/min, isocratic flow of 5 % B. MS tune parameters were as 

follows: capillary 2.00 kV, sample cone 35 V, extraction cone 4.0 V, source temperature 120 °C, 

desolvation temperature 500 °C, desolvation gas 500 L/h. Data were first collected in the full 
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scan mode in the mass range of 300-1900. To identify acetylation/propionylation sites, data were 

acquired by the data-dependent acquisition (DDA) mode. For DDA parameters, 1 s MS survey 

scan in the m/z range of 300–1900 were followed by MS/MS scans of up to 3 ions, when 

intensity rose above 1500 counts per second. MS/MS was acquired in the m/z range of 100-1900, 

with a 2 s scan rate. MS/MS scan was switched to MS survey scan after 3 scans. Trap collision 

energy was set using charge state recognition, applying the default files for 1-4 charge states. 

Files containing MS/MS spectra were processed with Proteinlynx Global Server 2.4 software 

(Waters, Milford, MA) to identify PTM sites. 

Comparative analysis of MOF substrate specificity on both acetylation and propionylation  

20 g cell lysate was incubated with 2 M MOF and 50 M carbon-14 labeled acetyl-CoA 

or propionyl-CoA for 3 hours at 30 oC. The reaction was quenched with the addition of 5x SDS-

PAGE loading dye and the proteins were resolved on a 4-20% gradient SDS-PAGE gel (BioRad). 

The gel was dried in vacuum and exposed to a phosphorscreen for 72 hours. The autoradiograph 

was scanned with the GE storm 865 imager (GE Healthcare) and the in gel proteins were imaged 

with coomassie brilliant blue stain for protein loading control 

Study of in vivo MOF acyltransferase activity 

Full-length MOF encoding sequence was inserted into XbaI and EcoRI sites of lentivirus 

vector FuCRW to generate the MOF-overexpression plasmid 138. Plasmid transfections were 

performed using Lipofectamine 3000 (ThermoFisher). Twenty-four hours before transfection, 

the HEK 293T cells were seeded at a density of 1x106 cells/well for six-well plate. The cells 

were transfected with 8 µg MOF-vector or vector plasmid as described in the manufacturer’s 

protocol and the transfected cells were maintained for 72 h before harvest. 20 mM sodium 

propionate was added into the medium 24 hours before the cellular proteins were extracted. 
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Whole cell lysate and histones were extracted from both MOF-overexpressed and normal cells 

for the study of cellular protein acetylation and propionylation changing in response to the 

overexpression of MOF. 

Identification of propionylation sites using LC-MS/MS proteomic analysis. 

The whole cell lysates and core histone proteins were extracted from the HEK293T cells 

treated with 20 mM deuterated sodium propionate with or without MOF overexpression. The 

extracted whole cell lysates or histones were precipitated using trichloroacetic acid. The resulting 

protein precipitate was washed twice with ice-cold acetone and digested with trypsin using a 

procedure described previously 139. To enrich the propionylated peptides, the tryptic digest in 

NETN buffer (100 mM NaCl, 1mM EDTA, 50 mM Tris-HCl, 0.5% NP40, pH 8.0) was 

incubated with pan anti-Kpr antibody (PTM-201, PTM Bio, Chicago, IL) that was immobilized 

to protein A agarose beads at 4 oC for 6 hours with gentle rotation. After incubation, the beads 

were washed 3 times with NETN buffer and twice with ddH2O. The enriched peptides were 

eluted with 0.1% trifluoroacetic acid (TFA). The eluates were vacuum concentrated and the 

peptides were suspended in 0.1% TFA followed by desalting using C18-Ziptips. The peptide 

samples were directly loaded onto a home-made capillary column (10 cm length, 75 m internal 

diameter) packed with Reprosil C18 resin (3 m particle size, 100 Å pore size, Reprosil) on an 

EASY-nLC™ 1000 System (Thermo Fisher Scientific, Waltham, MA). The binding peptides 

were eluted with a gradient of 5% to 90% HPLC buffer B (0.1% formic acid in 90% acetonitrile, 

v/v) in buffer A (0.1% formic acid in water, v/v) over 60 min at a flow rate of 200 nL/min. The 

eluted peptides were ionized and introduced into a Q-Exactive mass spectrometer (Thermo 

Fisher Scientific, Waltham, MA) using a nanospray source. Full MS scans were acquired over 

the range of m/z 300–1400 with a resolution of 70000, which was followed by data-dependent 
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MS/MS fragmentation of the 15 most intense peaks with a resolution of 17500 at 27% 

normalized collision energy. For all the experiments, the dynamic exclusion time was set to 25 s. 

Peptides identification was performed with MaxQuant (v 1.3.0.5) against the UniProt Human 

protein database. Oxidation on methionine, protein N-terminal acetylation, lysine acetylation, 

lysine propionylation, lysine D5-propionylation, lysine mono-/di-/tri-methylation, and arginine 

mono-/di-methylation were set as variable modifications. Carbamiodomethylation on cysteine 

was set as fixed modification. False discovery rate (FDR) thresholds for protein, peptide and 

modification site were specified at 0.01. Peptides with MaxQuant score below 40 or site 

localization probability below 0.75 were removed. In addition, all the identified peptides were 

manually verified. 

Cloning, expression and purification of recombinant MOF. 

The DNA fragment encoding the histone acetyltransferase domain of human MOF (residues 

174-449) was sub-cloned into pET28a-LIC vector (GenBank ID: EF442785). Recombinant MOF 

was over-expressed in E. coli BL21 (DE3) codon plus RIL strain (Stratagene) as an N-terminal 

Hexa-His fusion protein at 15 °C in Terrific Broth (Sigma). The harvested cells were 

resuspended in 50 mM HEPES buffer, pH 7.4, supplemented with 500 mM NaCl, 5 mM 

imidazol, 2 mM β-mercaptoethanol, 5% glycerol, 0.1% CHAPS. The cells were lysed by passing 

through Microfluidizer (Microfluidics Corp.) at 20,000 psi. The lysate was loaded onto 10 ml 

Chelating Sepharose column (GE Healthcare) charged with Ni2+. After washing the column with 

20 mM HEPES buffer, pH 7.4, containing 500 mM NaCl, 50 mM imidazole, 5% glycerol, the 

protein was eluted with 20 mM HEPES, pH 7.4, 500 mM NaCl, 250 mM imidazole, 5% glycerol. 

The eluted protein was loaded onto a Superdex 200 column (26x60) (GE Healthcare), 

equilibrated with 20 mM HEPES buffer, pH 7.4, containing 500 mM NaCl. The fractions 
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containing recombinant MOF were combined and the protein was further purified to 

homogeneity by ion-exchange chromatography. 

Crystallization of MOF with propionyl-CoA and X-ray crystal structure determination 

Purified recombinant MOF protein (5 mg/mL) was mixed with propionyl CoA (Sigma) at 

1:5 molar ratio of protein:compound and crystallized using hanging drop vapor diffusion method 

at 20 °C by mixing 1µl of the protein solution with 1 µl of the reservoir solution. MOF-propionyl 

CoA was crystallized in buffer containing 20% PEG 3350, 0.2 M sodium malonate, pH 5.0. 

Crystals were soaked in the corresponding mother liquor supplemented with 20% glycerol as 

cryoprotectant before freezing in liquid nitrogen. 

X-ray diffraction data for MOF + propionyl CoA was collected at 100K on a Rigaku FR-E 

superbright X-ray generator. Data set was processed using the HKL-3000 suite 140. 

The structures of MOF-propionyl CoA complex is isomorphous with PDB entry 2GIV. 

REFMAC 141 was used for structure refinement. Graphics program COOT 142 was used for 

model building and visualization.  MOLPROBITY 143 was used for structure validation. 
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Figures, Tables and Captions 

 

Figure 4.1. Dual enzymatic activity of eukaryotic KAT enzymes.  

The three major eukaryotic KAT families catalyze acetylation of lysine residues using acetyl-

CoA as the acetyl donor. p300/CBP and GCN5/PCAF KATs have been reported to possess 

lysine propionyltransferase activity. In this study, we found that all the MYST KATs possess 

strong KPT activity, providing a holistic view of KATs as lysine propionyltransferase. 
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Figure 4.2. Quantification of acetyl- and propionyl-CoA abundance in 293T cells using LC-

MS/MS.  

a. LC-MS chromatograms of acetyl- and propionyl-CoA. The cellular acyl-CoA concentration 

was calculated based on the deuterated acyl-CoA molecules which serve as internal standards. 

Acetyl-CoA and propionyl-CoA were sufficiently separated with the retention time at 9.43 and 

11.43 minute respectively; b. Summary of triplicate experiments. The cellular abundance of 

propionyl-CoA is about 12% of the abundance of acetyl-CoA. 

 

 

 

 

 

 

75 ng of acetyl-CoA Cellular acetyl-CoA 75 ng of propionyl-CoA Cellular propionyl-CoA

Retention time
Peak area

a)

b)

Acyl-CoA Concentration (ng / mg of protein)
Ratio (Pro/Ac) Average % of Pro-CoA / Ac-CoA

Ac-CoA Pro-CoA

Assay 1 817 113 13.8%

12.2%
Assay 2 731 76 10.4%

Assay 3 715 88 12.3%

Average 754 92 12.2%
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Figure 4.3. Test of lysine propionyltransferase activity of the MYST KATs on cellular 

proteome with western blot analysis.  

HEK 293T cell lysate was incubated with individual KATs in the presence or absence of 

propionyl-CoA. Treatment of cell lysate with propionyl-CoA and MYST KATs, especially MOF 

and HBO1, induced strong lysine propionylation on multiple histone and non-histone proteins. 
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Figure 4.4. Identification of MOF products with H4-20 as a substrate using MALDI-MS 

analysis.  
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Figure 4.5. Study of MOF acetyl- and propionyl-transferase activity on recombinant 

histones and nucleosomes.  

Both recombinant free histones and reconstituted nucleosomes were used as substrates for MOF 

acetyl- and propionyl-transferase activity study. Histone proteins with acyl-CoA were incubated 

with or without MOF; the reaction mixtures were then subjected to western blot analysis with 

pan anti-acetyllysine and pan anti-propionyllysine antibodies. a. MOF acylates four free core 

histones; b. MOF acylates histone H2A/H2B and H4 on nucleosome. 
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Figure 4.6. Imaging of MOF in vitro acetylome and propionylome using radioactive gel 

assay.  

Carbon-14 labeled acetyl-CoA and propionyl-CoA were used for cell lysate acylation by MOF. 

Proteins were resolved on SDS-PAGE and the MOF acylome was imaged using a phosphor 

imager.  
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Figure 4.7. Detection of the cellular acetyltransferase and propionyltransferase activities of 

MOF.  

a. MOF was overexpressed in transfected 293T cells compared to the control cells where the 

vector plasmid was used for transfection; b. Histone lysine acylation level was tested with pan 

anti-acyllysine antibodies. MOF acylated histone H2A/H2B and H4; c. MOF overexpression 

induced increase of H4K16 propionylation; d. Acylation of the cellular proteome was tested with 

western blot. Increase of lysine acetylation and propionylation of multiple proteins were induced 

by MOF overexpression. 
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Figure 4.8. Dynamic change of lysine propionylation in response to propionate treatment.  

MOF-overexpressed and control HEK 293T cells were treated with or without 20 mM 

propionate. Whole cell lysates were extracted and subjected to western blot analysis. Propionate 

treatment and MOF overexpression induced increase of lysine propionylation, respectively. 

Treatment of MOF-overexpressed cells with propionate revealed more propionylated proteins, 

indicating MOF may have some unique substrates for lysine propionylation compared with other 

endogenous KATs. 
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Figure 4.9. A comparison of lysine propionylation sites between the control and MOF 

overexpressed cells.  

a. The numbers of Kpr_D5 modified sites in histones and non-histone proteins were compared 

between the control and MOF overexpressed cells; b. The numbers of overlapped and non-

overlapped Kpr_D5 sites between both the control and MOF-overexpressed cells. 
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Figure 4.10. X-ray crystal structure of MOF-propionyl CoA complex.  

a. Overall structure of MOF-propionyl-CoA. MOF structure is shown in cartoon model, with the 

N-terminal, central, and C-terminal domains colored in green, magenta and blue, respectively. 

The bound compounds are shown in sticks, with propionyl CoA colored in grey and Ac-CoA 

(from 2GIV) in yellow; b. Active site of MOF. Catalytic residues C316, E350 and auto-

acetylated K274 are shown in stick model. Fo-Fc omit map of propionyl-CoA contoured at 2.5 

sigma shows the density for the extra methyl group in propionyl CoA; c. Structural comparison 
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of the binding sites for propionyl CoA (PDB:5WCI) and Ac-CoA (PDB: 2GIV) in MOF. The 

two structures are superimposed, with MOF-propionyl CoA in pink and MOF-acetyl CoA in 

green. The MOF residues interacting with the compounds are shown in stick model. Dashed lines 

represent hydrogen bonds. The two extra interactions in MOF-propionyl CoA are circled. 

 

 

Figure 4.11. Sequence alignment of MYST KATs.  

a. MOF Pro349 is a conservative amino acid residue through all the five eukaryotic MYST 

KATs; b. MOF Val314 is a conservative amino acid residue through all the five eukaryotic 

MYST KATs 
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Table 4.1. Kinetic parameters of acyl-CoA in KAT mediated histone modification. 

 

 

 

 

 

 

 

KAT 

Family 
Enzyme Cofactor Km 

(M) kcat (min
-1

) 
kcat/Km  

 
(M

-1
.min

-1

) 
[kcat/Km(Pro)]/[kcat/Km(Ac)] 

MYST 

MOF 
Ac-CoA 1.1 ± 0.4 2.8 ± 0.2 2.4±0.9 

0.8 
Pro-CoA 0.9 ± 0.2 1.8 ± 0.1 2.0±0.5 

HBO1 
Ac-CoA 6.8 ± 2.6 1.0 ± 0.1 0.14±0.06 

1.0 
Pro-CoA 4.8 ± 1.5 0.7 ± 0.1 0.14±0.05 

Tip60 
Ac-CoA 1.5 ± 0.3 3.5 ± 0.1 2.3±0.4 

0.13 
Pro-CoA 1.9 ± 0.2 0.6 ± 0.02 0.3±0.03 

MORF 
Ac-CoA 0.8 ± 0.2 1.3 ± 0.1 1.7±0.4 

0.18 
Pro-CoA 2.3 ± 1.0 0.7 ± 0.1 0.3±0.1 

MOZ 
Ac-CoA 0.6 ± 0.1 0.6 ± 0.02 0.9±0.2 

1.0 
Pro-CoA 0.6 ± 0.2 0.5 ± 0.02 0.9±0.3 

GNAT 

GCN5 
Ac-CoA 4.4 ± 0.9 58.4 ± 3.2 13.2±2.7 

1.1 
Pro-CoA 0.5 ± 0.03 6.5 ± 0.1 14.1±0.9 

PCAF 
Ac-CoA 5.2 ± 1.1 35.0 ± 2.7 6.7±1.5 

0.4 
Pro-CoA 1.1 ± 0.1 3.0 ± 0.1 2.8±0.3 

HAT1 
Ac-CoA 5.4 ± 0.8 7.4 ± 0.3 1.4±0.2 

0.93 
Pro-CoA 8.5 ± 1.9 10.9 ± 0.8 1.3±0.3 

p300/CBP p300 
Ac-CoA 17.3 ± 4.8 34.0 ± 3.0 2.0±0.6 

0.3 
Pro-CoA 16.3 ± 2.8 10.2 ± 0.8 0.6±0.1 
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Table 4.2. Identification of MOF acylation sites on H4-20 peptide 

 
m/z Charge Peak MW Peptide MW 

Modification 

Sites 

Retention 

time 

H4-20+acetyl-

CoA+MOF 

519.8197 4 2075.2476 2075.1938 K16 3.94 

692.7526 3 2075.2344 2075.1938 K8 4.11 

424.4618 5 2117.27 2117.2043 K12, K16 5.92 

530.3186 4 2117.2432 2117.2043 K8, K16 5.11 

706.7573 3 2117.2485 2117.2043 K8, K12 5.48 

H4-20+propionyl-

CoA+MOF 

537.328 4 2145.2808 2145.2031 K8, K16 11.24 

523.3264 4 2089.2744 2089.1931 K16 4.23 

 

Table 4.3. Identification of MOF propionylation sites on cellular proteome from 293T cells 

(The lysine residues highlighted in yellow color are identified in both control and MOF-

overexpressed cells) 

  Gene names Protein names 
Localizat

ion prob 
Score Modified sequence 

Position in 

peptide 

Position in 

protein 

Kpr_D5 

lysine 

sites in 

histones 

from the 

control 

cells 

(11) 

HIST1H1C Histone H1.2 1.0000  80.245 _KPAAATVTK(pr)K_ 9 168 

HIST1H1D Histone H1.3 1.0000  141.08 _KPATAAGTK(pr)K_ 9 169 

HIST1H1E Histone H1.4 1.0000  76.228 _KPAAAAGAK(pr)K_ 9 168 

H2AFX Histone H2A.x 1.0000  61.679 _GK(pr)TGGK(pr)AR_ 2 6 

H2AFX Histone H2A.x 1.0000  61.679 _GK(pr)TGGK(pr)AR_ 6 10 

H2AFZ Histone H2A.Z 1.0000  46.158 
_AGK(pr)DSGK(pr)AK

_ 
3 8 

H2AFZ Histone H2A.Z 1.0000  46.158 
_AGK(pr)DSGK(pr)AK
_ 

7 12 

HIST2H2BF Histone H2B 1.0000  40.103 _SAPAPK(pr)K_ 6 12 

HIST2H2BF Histone H2B type 2-F 1.0000  41.502 _AVTK(pr)VQK_ 4 21 

HIST1H3A Histone H3.1 1.0000  71.342 _STGGK(pr)APR_ 5 15 

HIST1H3A Histone H3.1 1.0000  71.692 _QLATK(pr)AAR_ 5 24 

Kpr_D5 

lysine 

sites in 

histones 

from the 

MOF-

overexp

ressed 

cells 

(11) 

HIST1H1C Histone H1.2 1.0000  57.785 _KPAAATVTK(pr)K_ 9 168 

HIST1H1C Histone H1.2 1.0000  63.673 _KPVGAAK(pr)K_ 7 136 

HIST1H1E Histone H1.4 1.0000  82.029 _KPAAAAGAK(pr)K_ 9 168 

HIST1H1E Histone H1.4 1.0000  100.07 _SAGAAK(pr)R_ 6 32 

HIST1H2AA Histone H2A type 1-A 1.0000  50.878 _GK(pr)QGGK(pr)AR_ 2 6 

HIST1H2AA Histone H2A type 1-A 1.0000  50.878 _GK(pr)QGGK(pr)AR_ 6 10 

H2AFX Histone H2A.x 1.0000  43.083 _GK(pr)TGGK(pr)AR_ 2 6 

H2AFX Histone H2A.x 1.0000  43.083 _GK(pr)TGGK(pr)AR_ 6 10 

HIST1H3A Histone H3.1 1.0000  109.11 _KQLATK(pr)AAR_ 6 24 

HIST1H4A Histone H4 1.0000  58.596 
_GLGK(pr)GGAK(pr)R

_ 
4 13 

HIST1H4A Histone H4 1.0000  58.596 
_GLGK(pr)GGAK(pr)R
_ 

8 17 
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Kpr_D5 

lysine 

sites in 

non-

histones 

from the 

control 

cells 

(25) 

ADNP 

Activity-dependent 

neuroprotector homeobox 

protein 

1.0000  44.816 
_IFHAPNASAPSSSLST

FK(pr)DK_ 
18 144 

BCLAF1 
Bcl-2-associated 

transcription factor 1 
1.0000  51.927 _NTEEEGLK(pr)YK_ 8 437 

CBX3 
Chromobox protein homolog 

3 
1.0000  63.48 _TTLQK(pr)M(ox)GK_ 5 10 

DDX17 
Probable ATP-dependent 

RNA helicase DDX17 
1.0000  56.258 _K(pr)FGNPGER_ 1 109 

EEF1G Elongation factor 1-gamma 1.0000  58.981 _AFNQGK(pr)IFK_ 6 484 

FUS RNA-binding protein FUS 1.0000  54.608 _GGFNK(pr)FGGPR_ 5 264 

GAPDH 
Glyceraldehyde-3-phosphate 

dehydrogenase 
1.0000  58.676 _TVDGPSGK(pr)LWR_ 8 194 

HNRNPA1 
Heterogeneous nuclear 

ribonucleoprotein A1 
1.0000  74.769 

_SSGPYGGGGQYFAK

(pr)PR_ 
14 350 

HNRNPK 
Heterogeneous nuclear 

ribonucleoprotein K 
1.0000  67.275 

_RPAEDMEEEQAFK(p
r)R_ 

13 34 

HNRNPM 
Heterogeneous nuclear 

ribonucleoprotein M 
1.0000  46.408 

_GCGVVK(pr)FESPEV

AER_ 
6 698 

HNRNPU 
Heterogeneous nuclear 

ribonucleoprotein U 
0.9966  40.589 _VSELKEELK(pr)K_ 9 21 

NPM1 Nucleophosmin 1.0000  55.064 _SKGQESFK(pr)K_ 8 229 

NPM1 Nucleophosmin 1.0000  107.66 _LLSISGK(pr)R_ 7 141 

NPM1 Nucleophosmin 1.0000  109.29 _VEAK(pr)FINYVK_ 4 267 

NUDT21 
Cleavage and 

polyadenylation specificity 

factor subunit 5 

1.0000  86.291 
_GVTQFGNK(pr)YIQQ

TK_ 
8 23 

PABPN1 
Polyadenylate-binding 

protein 2 
1.0000  40.025 

_VTILCDK(pr)FSGHP

K_ 
7 234 

PSMC1 
26S protease regulatory 

subunit 4 
1.0000  52.725 _K(pr)YEPPVPTR_ 1 24 

RBMX 
RNA-binding motif protein, 

X chromosome 
1.0000  103.71 _GPLPVK(pr)R_ 6 150 

RPS27A 
Ubiquitin-40S ribosomal 

protein S27a 
1.0000  53.166 _LAVLK(pr)YYK_ 5 104 

SRSF10 
Serine/arginine-rich splicing 

factor 10 
1.0000  86.67 _THYK(pr)SGSR_ 4 218 

SSB Lupus La protein 1.0000  82.362 
_IIEDQQESLNK(pr)W

K_ 
11 328 

STMN1 Stathmin 1.0000  40.589 
_EAQM(ox)AAK(pr)LE
R_ 

7 119 

THRAP3 
Thyroid hormone receptor-

associated protein 3 
1.0000  76.827 _GFVPEK(pr)NFR_ 6 519 

TOP1 DNA topoisomerase 1 0.9890  44.447 _EDIKPLK(pr)R_ 7 137 

U2SURP 
U2 snRNP-associated SURP 

motif-containing protein 
1.0000  54.023 _NEPIFK(pr)VAPSK_ 6 755 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RPL23 60S ribosomal protein L23 1.0000  69.598 _GGSSGAK(pr)FR_ 7 13 

RPL28 60S ribosomal protein L28 1.0000  56.547 _TRPTK(pr)SS_ 5 135 

RPL34 60S ribosomal protein L34 1.0000  50.878 _IVYLYTK(pr)K_ 7 36 

AHSA1 

Activator of 90 kDa heat 

shock protein ATPase 
homolog 1 

1.0000  45.161 
_(ac)AK(pr)WGEGDPR

_ 
2 3 

ENO1 Alpha-enolase 1.0000  47.823 _LAK(pr)YNQLLR_ 3 406 

DDX54 
ATP-dependent RNA 

helicase DDX54 
1.0000  41.502 _DLYQK(pr)WK_ 5 770 

BCLAF1 
Bcl-2-associated 

transcription factor 1 
1.0000  41.283 _NTEEEGLK(pr)YK_ 8 437 

TP53 Cellular tumor antigen p53 1.0000  62.823 _AHSSHLK(pr)SK_ 7 370 

NUDT21 

Cleavage and 

polyadenylation specificity 

factor subunit 5 

1.0000  107.37 
_GVTQFGNK(pr)YIQQ
TK_ 

8 23 

TOP1 DNA topoisomerase 1 1.0000  58.37 _DEDDADYK(pr)PK_ 8 148 
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Kpr_D5 

lysine 

sites in 

non-

histones 

from the 

MOF-

overexp

ressed 

cells 

(49) 

EEF1G Elongation factor 1-gamma 1.0000  59.8 _AFNQGK(pr)IFK_ 6 484 

EIF3G 
Eukaryotic translation 

initiation factor 3 subunit G 
1.0000  40.589 _TGK(pr)YVPPSLR_ 3 212 

GAPDH 
Glyceraldehyde-3-phosphate 

dehydrogenase 
1.0000  40.589 _TVDGPSGK(pr)LWR_ 8 194 

HNRNPA1 
Heterogeneous nuclear 

ribonucleoprotein A1 
1.0000  51.643 

_SSGPYGGGGQYFAK

(pr)PR_ 
14 350 

HNRNPK 
Heterogeneous nuclear 

ribonucleoprotein K 
1.0000  51.546 

_RPAEDMEEEQAFK(p

r)R_ 
13 34 

HNRNPU 
Heterogeneous nuclear 

ribonucleoprotein U 
1.0000  72.643 _QGQQQAGGK(pr)K_ 9 213 

HNRNPC 
Heterogeneous nuclear 

ribonucleoproteins C1/C2 
1.0000  55.717 _AVVPSK(pr)R_ 6 157 

KAT8 
Histone acetyltransferase 

KAT8 
1.0000  51.726 

_YWK(pr)GQHVICVTP

K_ 
3 410 

KAT8 
Histone acetyltransferase 

KAT8 
1.0000  76.151 

_NSEK(pr)YLSELAEQ

PER_ 
4 125 

KAT8 
Histone acetyltransferase 

KAT8 
1.0000  90.15 _EHEAITK(pr)VK_ 7 175 

TMPO 

Lamina-associated 

polypeptide 2, isoforms 

beta/gamma 

1.0000  53.968 _TPVTLK(pr)QR_ 6 213 

SSB Lupus La protein 1.0000  71.029 _VQFQGK(pr)K_ 6 360 

MECP2 
Methyl-CpG-binding protein 

2 
1.0000  41.283 _SVQETVLPIK(pr)K_ 10 316 

NCL Nucleolin 1.0000  42.789 
_GGK(pr)NSTWSGESK

_ 
3 477 

NCL Nucleolin 1.0000  45.335 _AAVTPGK(pr)K_ 7 87 

NCL Nucleolin 1.0000  49.813 _VVVSPTK(pr)K_ 7 70 

NCL Nucleolin 1.0000  71.223 _VAVATPAK(pr)K_ 8 79 

NPM1 Nucleophosmin 1.0000  64.265 _LLSISGK(pr)R_ 7 141 

NPM1 Nucleophosmin 1.0000  66.435 _SKGQESFK(pr)K_ 8 229 

PHF6 PHD finger protein 6 1.0000  53.967 _TNFK(pr)GLSEDTR_ 4 174 

PDCL3 Phosducin-like protein 3 1.0000  58.676 _LAEWK(pr)ATK_ 5 83 

PRAMEF20 
PRAME family member 

20/21 
1.0000  41.448 _YISPEQK(pr)K_ 7 252 

FAM50A Protein FAM50A 1.0000  69.598 _ELQMK(pr)LEK_ 5 100 

C4orf27 
Putative UPF0609 protein 

C4orf27-like 
1.0000  57.804 

_SK(pr)FCEADVSSDL

RK_ 
2 28 

RSL1D1 
Ribosomal L1 domain-

containing protein 1 
0.8714  41.996 _KPEAK(pr)FFTTPSK_ 5 461 

RRP1B 
Ribosomal RNA processing 

protein 1 homolog B 
1.0000  55.452 

_GSPTGGAQLLK(pr)R

_ 
11 522 

RBMX 
RNA-binding motif protein, 

X chromosome 
1.0000  103.71 _GPLPVK(pr)R_ 6 150 

RBM12B RNA-binding protein 12B 1.0000  49.5 _PEGGK(pr)FDFGK_ 5 895 

FUS RNA-binding protein FUS 1.0000  55.064 _GGFNK(pr)FGGPR_ 5 264 

PPP1CB 

Serine/threonine-protein 

phosphatase PP1-beta 

catalytic subunit 

1.0000  80.522 
_AK(pr)YQYGGLNSG

R_ 
2 303 

CTTN Src substrate cortactin 1.0000  44.807 
_DYSSGFGGK(pr)YGV

QADR_ 
9 161 

CTTN Src substrate cortactin 1.0000  48.112 
_TGFGGK(pr)FGVQSE

R_ 
6 272 

CTTN Src substrate cortactin 1.0000  48.423 _GFGGK(pr)YGVQK_ 5 309 

CTTN Src substrate cortactin 1.0000  78.548 _GFGGK(pr)YGIDK_ 5 198 

STMN1 Stathmin 1.0000  40.589 _EAQMAAK(pr)LER_ 7 119 

SMARCAD1 

SWI/SNF-related matrix-

associated actin-dependent 

regulator of chromatin 

1.0000  43.77 _ASISYFK(pr)NQR_ 7 84 
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Table 4.4. Crystallography data and refinement statistics. 

 MOF-propionyl CoA 

  PDB Code  5WCI 

Data collection  

Space group P212121 

Cell dimensions  

a, b, c (Å) 46.3, 58.7, 120.3 

 ()  90.0,90.0,90.0 

Resolution (Å) (highest 

resolution shell) 

50.00-1.78(1.81-1.78) 

 

Measured reflections 419509 

Unique reflections 31768 

Rmerge 0.093(0.916)* 

I/I 27.5(1.7)* 

Completeness(%) 98.7(97.6)* 

Redundancy 13.2(8.1)* 

Refinement  

Resolution (Å) 50.00-1.78 

No. reflections (test set) 30055(1648) 

Rwork/ Rfree (%) 18.3/21.9 

No. atoms  

Protein 2378 

CoA 52 

Water 242 

B-factors (Å2)  

Protein 24.7 

CoA 25.4 

Water 31.2 

RMSD  

Bond lengths (Å)  0.010 

Bond angles (º) 1.351 

Ramachandran plot % 

residues 

 

Favored 98.1 

Additional allowed 1.9 

Generously allowed 0 

Disallowed 0 

subfamily A containing 

DEAD/H box 1 

THRAP3 
Thyroid hormone receptor-

associated protein 3 
0.9745  42.789 

_AEGK(pr)YKDDPVD

LR_ 
4 709 

THRAP3 
Thyroid hormone receptor-

associated protein 3 
1.0000  80.239 _GFVPEK(pr)NFR_ 6 519 

ZNF207 Zinc finger protein 207 1.0000  43.246 _AQLPK(pr)YQR_ 5 397 



 

90 

Table 4.5. Kinetic parameters of acyl-CoA in wild type and mutant MOF mediated histone 

modification 

 
Cofactor K

m
/μM k

cat
/min

-1
 k

cat
/K

m
 (min

-1
.μM

-1
) 

WT-MOF 
Ac-CoA 1.1±0.4 2.8±0.2 2.4±0.9 

Pro-CoA 0.9±0.2 1.8±0.1 2.0±0.5 

MOF-V314A 
Ac-CoA 2.7±0.3 2.0±0.1 0.7±0.1 

Pro-CoA 2.4±0.6 2.1±0.2 0.9±0.2 

MOF-P349A 
Ac-CoA 1.8±0.5 0.9±0.1 0.5±0.1 

Pro-CoA 11.4±7.2 0.6±0.2 0.05±0.04 
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CHAPTER 5 Identification of Lysine Isobutyrylation as A Novel Histone Acylation 
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Abstract 

Short-chain acylations on -amino group of lysine residues have emerged as essential 

posttranslational modifications (PTMs) that regulate gene transcription, cellular metabolism, and 

cell signaling, etc. Chemically diverse acylations can lead to a variety of downstream biological 

outcomes. Lysine butyrylation was initially discovered with a mass spectrometry (MS) study and 

was recognized as linear n-butyrylation without any bias. Here, we report lysine isobutyrylation 

as a novel PTM on histone lysines. In particular, we found isobutyryl-CoA as an ample 

metabolite and the potential acyl donor for lysine isobutyrylation. Isobutyryl-CoA is synthesized 

from isobutyrate and valine in mammalian cells. Our biochemical data showed that 

isobutyrylation is a bona fide PTM on histone lysines and histone acetyltransferase 1 (HAT1) has 

strong isobutyryltransferase activity. We also found that cellular level of isobutyryl-CoA is 

drastically decreased in aged cells, which implied a potential pathway for cell longevity 

regulation. Together, our data defines isobutyrylation as a novel lysine PTM and suggested the 

potential regulatory function of lysine isobutyrylation in longevity. 

Introduction 

Short-chain acylation on the Lysine -amino group of protein lysines are an important type 

of reversible posttranslational modifications (PMTs). Many studies have demonstrated the 

regulatory functions of lysine acylations on a plethora of physiological events such as gene 

expression, cellular metabolism, cell cycle, and signal transduction.20,25,144,145 Since lysine 

acetylation was first discovered in the middle of 1960s,5 more than ten lysine acylations such as 

propionylation, butyrylation, crotonylation, succinylation, malonylation, and glutarylation have 

been discovered.21-23,28,145 Lysine acylations are deposited by writer enzymes such as lysine 

acetyltransferases (KATs) using acyl-CoA molecules as the acyl donor and are interpreted and 
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removed by reader and eraser proteins respectively. Dysregulation of lysine acylation dynamics 

due to aberrant expression of the writer, reader, and eraser proteins or unbalanced nutrition status 

leads to various diseased phenotypes including inflammation, neurodegeneration, and cancers 

etc.14,97,146-149 Different acylation on the same locus can lead to different biological 

outcomes.30,150 For instance, interchangeable acylations on protein lysines have different impacts 

on gene transcription: butyrylation competes with acetylation on H4K5K8 and prevents the 

binding of the Lys-Ac reader protein Brdt on these loci, which causes delayed histone removal 

and gene expression in spermatogenic cells.24 Therefore, to discover novel lysine acylations and 

their regulatory mechanism are important for understanding certain physiological and 

pathological pathways. 

In the past decade, the development of high resolution mass spectrometry has largely 

facilitated the discovery of novel lysine acylations.20,23,135 Lysine butyrylation was first 

discovered by Zhao et al in 2007.28 At the time of its identification, lysine butyrylation was taken 

for granted to be linear n-butyrylation (NBT). Later, several studies demonstrated that KAT 

enzymes, including p300, CBP, and GCN5, possess lysine n-butyryltransferase activity.26,28 Also, 

n-butyryl-CoA is an important metabolic intermediate during even-chain fatty acids oxidation151 

and therefore, may serve as an ample source for NBT. These lines of biochemical evidence 

strongly supported the existence of lysine NBT; nevertheless, butyrylation may also exist as 

another form, isobutyrylation (IBT) at the meantime (Figure 5.1). This hypothesis is 

strengthened by the natural existence of isobutyryl-CoA, which is generated during valine 

degradation.152 In addition, an enzyme known as butyryl-CoA mutase was found in prokaryotes 

that interconvert n- and iso-butyryl-CoA.153 Most importantly, dysregulation of isobutyryl-CoA 

metabolism caused by genetic deficiency of isobutyryl-CoA dehydrogenase (IBD) leads to 
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multiple symptoms including speech delay, anaemia, and dilated cardiomyopathy on newborn 

patients while the mechanism behind such disorders are still unexplored.154,155 Therefore, to 

study the catabolism of isobutyryl-CoA and dynamic regulation of lysine isobutyrylation has 

profound physiological significance. In the present study, we define isobutyrylation as a bona 

fide PTM in histone lysines with a combined suite of analytical and biochemical studies. 

Results and Discussion 

Isobutyryl-CoA is an abundant metabolite in mammalian cells 

Upon its identification with mass spectrometry, lysine butyrylation was unbiasedly defined 

as lysine n-butyrylation.28 Nevertheless, two possible structures may have the same molecular 

weight of butyryl chain: linear n-butyryl and branched isobutyryl group. Etiologically, lysine 

acylations rely on the acyl-CoA molecules as the acyl donor; therefore, an ample pool of acyl-

CoA is the prerequisite for the occurrence of cognate lysine acylation. To elucidate the 

composition of lysine butyrylation, we first tested the abundance of n- and iso-butyryl-CoA in 

human embryonic kidney (HEK) 293T cells with a high-performance liquid chromatography 

tandem mass spectrometry (HPLC-MS/MS) approach. Iso- and n-butyryl-CoA standards were 

separated on the high-performance liquid chromatography with the retention times to be ~13.85 

and 14.05 minutes respectively and were monitored at the same ion transition (838→331) on the 

mass spectrometer (MS) (Figure 5.2a). The chromatographic peak area of butyryl-CoA 

molecules was integrated for quantification purpose. Then 293T cell extracts were subjected to 

the same HPLC-MS/MS analysis and the abundance of n- and iso-butyryl-CoA was compared. 

Duplicate experiments were conducted, showing that the ratios of n- and iso-butyryl-CoA were 

67:27 and 62:21 (Figure 5.2b). Thus, the abundance of isobutyryl-CoA is 2-3 times higher than 

n-butyryl-CoA. N-butyryl-CoA is a rich metabolic intermediate in fatty acids metabolism and 
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serves as an ample source for lysine n-butyrylation. Hence, isobutyryl-CoA, which is ~3 times 

more abundant than n-butyryl-CoA, can also serve as the substantial isobutyryl donor for lysine 

isobutyrylation.  

Isobutyryl-CoA is synthesized through isobutyrate and valine metabolism in mammalian 

cells 

Acyl-CoA molecules are metabolic intermediates mostly in tricarboxylic acid cycle (TCA), 

fatty acid -oxidation, and amino acid degradation.116 Many studies reported that treatment of 

cells with fatty acids such as propionate induces intracellular synthesis of the cognate acyl-CoA 

molecules with the catalysis of acyl-CoA synthetase (ACS).135 Isobutyryl-CoA is a known 

intermediate during propionyl-CoA production from valine metabolism.156 In addition, an 

enzyme called isobutyryl-CoA mutase was found in prokaryotes and is able to interconvert n- 

and iso-butyryl-CoA (Figure 5.3a).153Whether this enzyme exists in eukaryotes remains unclear. 

These isobutyryl-CoA catabolic pathways further enhance the possibilities that isobutyryl-CoA 

acts as an essential regulator in physiological processes. Here, we studied the effect of 

isobutyrate treatment on the changing of cellular isobutyryl-CoA level. In particular, HEK293T 

cells were treated with varied concentrations of deuterated sodium isobutyrate (d7-isobutyrte). 

Extracted butyryl-CoA molecules were analyzed with the HPLC-MS/MS method 

aforementioned. The level of butyryl-CoA molecules was quantified in the unit of peak area/mg 

of cellular protein (Figure 5.3b). With the increase of d7-isobutyrate concentration, d7-

isobutyryl-CoA level increased drastically until a plateau was reached when 5 mM of d7-

isobutyrate was used. The level of non-isotopic isobutyryl-CoA remained barely changed until 

the cells were treated with 10 mM of d7-isobutyrate, which largely competed with non-isotopic 

isobutyrate for the acyl-CoA synthetase. We also tested how isobutyryl-CoA level change in 
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response to valine feeding. The data showed that treatment of 293T cells with valine 

significantly upregulated the level of isobutyryl-CoA until a plateau was reached at the point that 

5 mM of valine was used (Figure 5.3b). This observation is consistent with the aforementioned 

valine metabolic pathway, in which isobutyryl-CoA is an intermediate.156 Of note, neither d7-

isobutyryate nor valine treatment induced the upregulation of n-butyryl-CoA level, possibly 

suggested that isobutyryl-CoA mutase is not present in 293T cells. These data together 

demonstrated that isobutyryl-CoA is synthesized from the acyl-CoA synthetase pathway and 

valine metabolism. These data not only defined the catabolism of isobutyryl-CoA in mammalian 

cells but also provided us with a nice approach to study the dynamic change of lysine 

isobutyrylation in cellular proteins. 

HAT1 is a potential isobutyryltransferase 

Lysine acylations are driven by KATs, which can covalently deposit acyl groups to protein 

lysines using acyl-CoA as the cofactor. Identification of isobutyryl-CoA as an ample acyl-CoA 

donor strongly supported the fact that lysine isobutyrylation exists in cellular proteins. We next 

tested the isobutyrylation activity of nine eukaryotic KAT enzymes. Although were first 

identified as lysine acetyltransferases, many KAT enzymes function very promiscuously. They 

carry out lysine propionylation, butyrylation, and crotonylation, etc. other than the classic 

acetylation.26-28,123 To test if some of KAT enzymes also act as lysine isobutyryltransferases, we 

quantitively measured the acylation activities of nine eukaryotic KATs from three major KAT 

families including the MYST, the GCN5/PCAF, and the p300/CBP family using a fluorescent 

CPM assay.43 Histone peptides H3-20 and H4-20 (twenty amino acid residues from the N-

terminus of histone H3 or H4) were used as the acyl acceptor to characterize the acetyl-, 

propionyl-, n-butyryl-, and isobutyrylation activities of individual KAT enzymes (Figure 5.4). 
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Elongation of acyl chain induces decrease of acylation activity of KAT enzymes, except that 

HAT1 has stronger propionylation (KPT) activity than acetylation (KAT) activity. All the tested 

KAT enzymes show appreciable KPT activities, consistent with our recent study, which 

demonstrates that almost all eukaryotic KATs possess strong KPT activity. (Chapter 4, Table 

4.1) Nevertheless, further increase of the length of acyl chain to four carbons leads to drastic 

decrease of butyrylation activity (KBT) of KAT enzymes. Among the tested KAT enzymes, 

HAT1 showed outstanding isobutyrylation (IBT) activity, ~25% of its KAT activity while the 

other KAT enzymes show much lower or even barely detectable IBT activity. p300 is known for 

its great cofactor promiscuity, functions as lysine acetyl-, propionyl-, butyryl-, and 

crotonyltransferase.25,28,30 Its unique acyl-CoA binding pocket enables p300 to bind with larger 

acyl-CoA molecules without significant structural change.42,157,158 Therefore, we carried out the 

kinetic characterization of p300 and HAT1 with acyl-CoA molecules to validate their 

acyltransferase activities using a CPM fluorogenic assay. The kinetic constants Km and kcat were 

determined by fitting acyl-CoA concentration-reaction rate to the Michaelis-Menten model. The 

kcat/Km ratio represents the activity of KAT enzymes with different acyl-CoA molecules. The 

kcat/Km ratio of p300 with n- and isobutyryl-CoA are 0.25 min-1.M-1 and 0.13 min-1.M-1 

respectively, 7% and 13% of p300 with acetyl-CoA (Figure 5.5a, Table 5.1). In comparison, the 

NBT and IBT activity of HAT1 was about 13% and 31% of its KAT activity respectively 

(Figure 5.5b, Table 5.1), suggesting that HAT1 may serve as a genuine lysine 

isobutyryltransferase. We further tested the IBT activity of HAT1 on protein substrate. 

Recombinant histone H4 was co-incubate with butyryl-CoA and HAT1, followed by testing with 

anti butyryllysine antibody. Although the antibody was designed for detection of lysine NBT, it 

also recognizes lysine IBT efficiently. As shown in Figure 5.6, sole co-incubation of histone H4 
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with butyryl-CoA induced little histone labeling while co-incubation of butyryl-CoA, histone H4, 

and HAT1 drastically increased lysine butyrylation level on histone H4. In the previous studies, 

anti-butyryllysine antibody was used to enrich or recognize butyrylated lysines in cellular 

proteins to study the physiological functions of lysine butyrylation.4,24 Our finding about the low 

specificity of anti-butyryllysine antibody indicates that many butyrylated lysines identified in 

previous works could be a mixture of n- and iso-butyrylated lysines. In summary, the kinetic 

measurement and western blot data validated the IBT activity of HAT1. The anti-lysine NBT 

antibody provided us with an antibody substitute for further study of lysine IBT in cellular 

contexts. 

Lysine isobutyrylation is a bona fide PTM on histone lysines 

Identification of isobutyryl-CoA as an ample metabolite and HAT1 as a potential 

isobutyryltransferase are strong but indirect evidences to demonstrate the existence of lysine 

isobutyrylation. To gain a direct insight about isobutyrylation distribution on protein lysines, we 

next focused on the detection of isobutyrylation on both core histones and cellular proteome. In 

particular, the 293T cells were treated with 10 mM d7-isobutyrate for 16 hours, followed by 

extraction of core histone proteins and whole cellular proteome. Lysine isobutyrylation level of 

extracted proteins were tested with anti-butyryllysine antibody. Isobutyrate treatment 

upregulated the chemiluminescence signal on core histones, especially histone H4 (Figure 5.7). 

Nevertheless, no appreciable change of chemiluminescence intensity is observed on non-histone 

proteins upon isobutyrate treatment. Since isobutyrate treatment only induce synthesis of 

isobutyryl-CoA but not n-butyryl-CoA (Figure 5.3b), the chemiluminescence change is induced 

by histone isobutyrylation. Therefore, lysine isobutyrylation is a bona fide PTM on histone 

lysines. 
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Isobutyryl-CoA level decreases in aged cells 

Amino acids such as serine, threonine and valine and can sensitize cell to oxidative stress  

and promote cell aging through different mechanisms.159 In yeast, threonine and valine can 

activate the target of rapamycin (TOR) pathway and serine can activate the Pkh1/2 protein. Both 

processes will converge to activate the serine/threonine-protein kinase SCH9, which can 

suppress the expression of downstream stress resistance genes and decrease life span extension 

of yeast.160-162 Leucine catabolism produces acetic acid, which can subsequently be synthesized 

to acetyl-CoA. Fluctuation of leucine level in yeast can induce the change of acetylation state of 

histones, which have major impacts on cellular longevity.163,164 Therefore, previous studies have 

well demonstrated how amino acids and their metabolizing products affect cell aging. Since 

isobutyryl-CoA is an important intermediate during valine catabolism, we measured the 

abundance of isobutyryl-CoA in 293T cells at different ages. The newly recovered cells, the cells 

passaged for 4 and 7 times were collected and subjected to butyryl-CoA quantification analyses 

respectively. The isobutyryl-CoA level is 125, 53, and 13 integrated peak area / mg of cellular 

protein in the cells passaged for 1, 4, and 7 times respectively while the level of n-butyryl-CoA 

barely changed in cells with different ages (Figure 5.8). This is possibly because the aged cells 

are less capable of metabolizing valine and therefore produced less isobutyryl-CoA. In this case, 

isobutyryl-CoA level can be used as a potential landmark for cell aging characterization. In 

addition, decrease of isobutyryl-CoA cellular abundance may induce the change of histone PTM 

states, which may be associated with cell aging pathways. Further study of how histone 

isobutyrylation change in response to the fluctuation of isobutyryl-CoA level may reveal novel 

pathways of cellular longevity regulation.  
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Conclusion 

Chemically diverse acylations largely enriched the regulatory mechanisms of lysine PTM  

towards cellular processes. Lysine butyrylation was recognized as n-butyrylation upon its 

discovery.28 Later study revealed that competing butyrylation and acetylation on the same lysine 

residue would lead to different biological outcomes.24 In the present study, we identified lysine 

isobutyrylation as a bona fide PTM on histone lysines. While current antibodies cannot 

distinguish n- and isobutyrylation (Figure 5.6 and Figure 5.7), identification of lysine 

isobutyrylation indicates that the previously revealed physiological impacts of lysine n-

butyrylation can be partially caused by isobutyrylation. We also showed that isobutyryl-CoA is 

an ample metabolite in mammalian cells and its biosynthetic pathway is independent from n-

butyryl-CoA. The enzyme activity assay showed that lysine n-butyrylation and isobutyrylation 

are regulated by different writer enzymes, p300 and HAT1 respectively. These data strongly 

support that lysine NBT and IBT may regulate different biological processes and function in 

different mechanisms. This hypothesis is also supported by the finding that cellular level of 

isobutyryl-CoA decreased drastically as cell getting aged while n-butyryl-CoA level remain 

stable during cell aging. Nevertheless, how isobutyryl-CoA level regulates cell longevity remain 

undefined at this stage. Future work on the study of how lysine isobutyrylation regulate the 

expression of longevity regulatory genes may reveal novel pathways of cell aging regulation.  

Methods and Materials 

Quantification of butyryl-CoA level in 293T cells 

Human embryonic kidney 293T (HEK293T) cells were cultured to 90% confluence with  

DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1% streptomycin-

penicillin. Cells were also treated with varied concentrations of d7-deuterated isobutyrate 
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(Product# 632007, from SIGMA-ALDRICH) and valine. Cells were washed with ice-cold PBS 

buffer followed by fixing in methanol at -80 oC for 15 minutes. Cells were collected in 50% of 

methanol with gentle scrape. Cell suspension was centrifuged at 16000g and supernatant was 

collected for LC-MS/MS analysis. 

An Atlantis®  T3 (4.6×150 mm, 3 μm) column with a Phenomenex SecurityGuard C-18 

guard column (4.0 mm×2.0 mm) was applied to separate analytes. The column temperature was 

constant at 32 °C. The mobile phase A was 10 mM ammonium acetate, and mobile phase B was 

acetonitrile. A gradient method was applied for separation, with a 0.4 mL/min flow rate, 

(time/minute, % mobile phase B): (0, 6), (15, 30), (15.01, 100), (22.50, 100), (22.51, 6). The 

injection volume was 30 μL, and the autosampler injection needle was washed with methanol 

after each injection. Nitrogen was used as the desolvation gas at a flow rate of 500 L/h. The 

desolvation temperature was 500 °C and the source temperature was 120 °C. Argon was used as 

the collision gas, and the collision cell pressure was 3.5×10-3 mbar. Samples were analyzed in the 

positive ion mode. The capillary voltage was 3.2 kV, the cone voltage was 42 V and the collision 

energy was 22 eV. A multiple reaction monitoring (MRM) function was applied for the detection 

of analytes. The ion transition 838→331 was monitored for iso- and n-butyryl-CoA, and 

845→338 for d7-isobutyryl CoA. 

Measurement of lysine acetyltransferase activity. 

Synthetic histone peptides H3-20 or H4-20 (20 amino acids from the N-terminal of histone 

H3 and H4, the sequence of H3-20 is Ac-ARTKQTARKSTGGKAPRKQL, the sequence of H4-

20 is Ac-SGRGKGGKGLGKGGAKRHRK) were used as acyl acceptor substrates. For single-

point quantification assays (Figure 5.4), 30 M acyl-CoA was incubated with individual KAT 

enzymes and 100 M histone peptides. KAT enzymes deposit acyl groups on the -amine of 
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peptide lysines and release CoASH simultaneously. The fluorogenic probe 7-diethylamino-3-(4’-

maleimidylphenyl)- 4-methylcoumarin (CPM) was added to react with by-product CoASH to 

form the fluorescent CoAS-CPM complex 43. The fluorescence intensities were measured with a 

microplate reader (FlexStation® 3) and the results were shown in a bar graph (Figure 5.4).  

For kinetic characterization of p300 and HAT1 with acyl-CoA molecules. Varied 

concentration of acyl-CoA was incubated with p300 or HAT1 and H4-20 peptide at fixed 

concentrations. The fluorescence intensity was measured with the same method as the single-

point assay and catalytic rate was determined from the fluorescence intensity. Kinetic constants 

including binding affinity (Km) and catalytic efficiency (kcat) were determined by fitting the acyl-

CoA concentration-catalytic rate to the Michaelis-Menten equation. The results were shown in 

Figure 5.5 and Table 5.1. 

Test of histone H4 butyrylation. 

1 g recombinant histone H4 was incubated with 50 M acyl-CoA and 0.2 M of HAT1.  

The enzymatic reaction lasted for 1 hour, followed by lysine acylation detection with western 

blot analysis using anti-butyryllysine antibody (Product# PTM-301, from PTM Biolabs). The 

results are shown in Figure 5.6.  

Test of lysine isobutyrylation changing in response to isobutyrate treatment. 

HEK 293T cells were cultured to 90% confluence in DMEM medium supplemented with 10%  

FBS and 1% streptomycin-penicillin antibiotics. The cells were treated with 10 mM d7-

isobutyrate for 16 hours followed by cellular protein extraction. Whole cell lysate was extracted 

in M-PER™ Mammalian Protein Extraction Reagent (Product# 78501, from ThermoFisher 

Scientific) with gentle sonication and core histone proteins were extracted with the EpiQuik 

Total Histone Extraction Kit (Product# OP-0006-100, from Epigentek). The extracted proteins 
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were tested with western blot analyses using anti-butyryllysine antibody (Product# PTM-301, 

from PTM Biolabs). The results were shown in Figure 5.7. 

Figures, Tables and Captions 

 

Figure 5.1. Chemically diverse acylations on protein lysines.  

Lysine butyrylation was identified in 200728 and was recognized as n-butyrylation. Nevertheless, 

whether butyrylation exists as isobutyrylation remained unrevealed. Identification of butyrylation 

composition will assist in the mechanistic study of physiological processes that are regulated by 

lysine butyrylation. 
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Figure 5.2. Quantification of n- and iso-butyryl-CoA.  

a. N- and iso-butyryl-CoA were separated with the LC-MS/MS system with the retention times 

at 14.06 and 13.86 minutes and were detected the same ion transition 810 → 313. b. N- and iso-

butyryl-CoA in the cell extracts were detected with the same LC-MS/MS condition. Their levels 

were compared using the integrated chromatographic peak areas. 
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Figure 5.3. Study of isobutyryl-CoA catabolism pathways.  

a. Reported and proposed pathways for isobutyryl-CoA catabolism. It is reported that 

isobutyryl-CoA is an intermediate during valine metabolism (1).156 A prokaryotic enzyme called 

isobutyryl-CoA mutase can interconvert iso- and n-butyryl-CoA while whether this enzyme 

exists in eukaryotes remains unclear (2).153 Acyl-CoA synthetase is a known enzyme that can 

produce acyl-CoA molecules from cognate acytates.165,166 It is highly possible that isobutyryl-

CoA can also be synthesized from this pathway (3). b. Cellular level of isobutyryl-CoA 

changes in response to isobutyrate and valine feeding. Isobutyryl-CoA can be produced from 

acyl-CoA synthetase pathway and valine metabolism in mammalian cells. N-butyryl-CoA level 

is not affected in response to isobutyrate or valine treatment. 
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Figure 5.4. Measurement of lysine acylation activity of eukaryotic KAT enzymes.  

Lysine acetyl-, propionyl-, n-butyryl-, and isobutyryltransferase activity of each KAT enzymes 

was tested on H3-20 and H4-20 histone peptide substrates. All tested KATs show strong activity 

on lysine acetylation and appreciable activity on lysine propionylation. HAT1 shows the 

strongest activity of carrying out lysine isobutyrylation, about 25% of its acetyltransferase 

activity. 
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Figure 5.5 Kinetic characterization of HAT1 and p300 with acyl-CoA.  

HAT1 or p300 was incubated with individual acyl-CoA molecule at varied concentrations and 

H4-20 peptide substrates. The by-product CoASH from enzymatic reaction was quantified with a 

fluorescent assay. The reaction rate-acyl-CoA concentration were plotted with the Michaelis-

Menten equation to get the kinetic constants Km and kcat. The kcat/Km value were used to evaluate 

lysine acylation activity. a. kcat/Km value of HAT1 with acetyl-, propionyl-, n-butyryl-, and 

isobutyryl-CoA are: 1.4 ± 0.2, 1.3 ± 0.3, 0.21 ± 0.06, and 0.42 ± 0.09 min-1. μM-1, b. kcat/Km 

value of p300 with acetyl-, propionyl-, n-butyryl-, and isobutyryl-CoA are: 2 ± 0.6, 0.63 ± 0.12, 

0.25 ± 0.09, and 0.13 ± 0.02 min-1. μM-1. 
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Figure 5.6. Detection of HAT1 mediated lysine isobutyrylation.  

Recombinant histone H4 was incubated with HAT1 and butyryl-CoA. Butyrylation level on 

histone H4 lysines was detected with anti n-butyryllysine antibody (Product# PTM-301 from, 

PTM Biolabs). The antibody can strongly detect both n- and isobutyrylation on histone lysines. 
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Figure 5.7. Detection of lysine isobutyrylation on protein lysines.  

293T cells were treated with isobutyrate to induce the synthesis of isobutyryl-CoA. Cellular 

proteome and core histone proteins were extracted and tested with anti butyryllysine antibody. 

Treatment of cells with isobutyrate induced increase of lysine isobutyrylation level on core 

histone proteins while no appreciable change was observed on non-histone protein 

isobutyrylation upon isobutyrate treatment. 
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Figure 5.8. Quantification of butyryl-CoA level in response to cell aging.  

Frozen 293T cells were recovered in DMEM medium and were passaged when the confluence 

reaches to 80%. Butyryl-CoA level in the cells being passaged for 1, 4, and 7 times were 

quantified with the LC-MS/MS method aforementioned. Isobutyryl-CoA level decreases as the 

cell getting aged while n-butyryl-CoA level remain unchanged. 
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Table 5.1. Kinetic characterization of HAT1 and p300 to different acyl-CoAs 

 
Acyl-CoA Km / μM kcat / min-1 kcat/Km (min-1. μM-1) 

p300 

Acetyl-CoA 17.3 ± 4.8 33.9 ± 2.9 2 ± 0.6 

Propionyl-CoA 16.3 ± 2.8 10.2 ± 0.8 0.63 ± 0.12 

n-butyryl-CoA 1.9 ± 0.2 0.5 ± 0.17 0.25 ± 0.09 

Isobutyryl-CoA 2.4 ± 0.3 0.3 ± 0.01 0.13 ± 0.02 

HAT1 

Acetyl-CoA 5.4 ± 0.8 7.4 ± 0.3 1.4 ± 0.2 

Propionyl-CoA 8.5 ± 1.9 10.9 ± 0.8 1.3 ± 0.3 

n-butyryl-CoA 1.9 ± 0.5 0.4 ± 0.02 0.21 ± 0.06 

Isobutyryl-CoA 3.1 ± 0.6 1.3 ± 0.1 0.42 ± 0.09 
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CHAPTER 6 Conclusion 

Lysine acylations are reversible posttranslational modifications (PTM) on the -amino 

group of protein lysines. These processes widely regulate biological events such as gene 

expression, cell cycle, DNA repair, cell metabolism, and cell signaling by altering protein 

stability, protein-nucleotide interaction, and protein-protein interaction, etc.6,167,168 The 

homeostasis of lysine acylation is finely tuned by the writer proteins, lysine acetyltransferases 

(KATs), and the eraser proteins, lysine deacetylases (KDACs).146 The effector proteins such as 

bromodomain can specifically recognize and bind with the acylation marks and induce variety of 

downstream biological outcomes.9,169 The acyl donor of lysine acylations, acyl coenzyme A 

molecules are produced in the metabolism of fatty acids, amino acids, and 

carbohydrates.116,166,170 Dysregulation of lysine acylation caused by dysfunction of regulatory 

proteins or abnormality in cellular metabolism can lead to multiple diseased phenotypes such as 

diabetes, neurogenerative disorders, and caners.16,97,146,147,171 Hence, to study the mechanisms of 

how lysine acylation dynamics are regulated is important to understand KAT functions and to 

develop effective therapies for KAT-related disorders. In this dissertation, we investigated the 

novel activities and functions of lysine acetyltransferases (KATs) from different perspectives, 

which lead to cutting-edge discoveries with respective to methodology development for KAT 

activity measurement, KAT substrates and function investigation, and discovery of novel KAT 

activity and novel acylation mark. 

We designed and synthesized a clickable acetyl-CoA surrogate 3-azidopropionyl-CoA 

(3AZ-CoA) that can actively react with wild type and engineered KAT enzymes p300, MOF-
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I317A, and GCN5-T612G.42 Based on the bioorthogonal probe 3AZ-CoA, we developed an 

activity based protein profiling (ABPP) approach and identified more than four hundred 

substrates of p300 and GCN5-T612G from cellular contexts. From bioinformatic analyses, we 

confirmed the canonical regulatory functions of p300 and GCN5 in gene expression, cellular 

metabolism, cell cycle, and DNA repair. In addition, the pathway investigation shows that GCN5 

and p300 may also regulate RNA splicing and translation, antigen processing and presentation, 

and protein export. This work provides a great insight for future work to investigate the 

functional involvement of GCN5 and p300 in these newly discovered biological pathways. Other 

than substrates profiling, 3AZ-CoA was also applied in a KAT activity measurement approach. 

By welding different technologies including CuAAC click chemistry, enzyme engineering, and 

quenching fluorescence resonance energy transfer (q-FRET), we developed a mix-and-read 

method for KAT activity measurement and inhibitor characterization. This method has certain 

advantages over the current KAT activity assays. In comparison to traditional radiometric assays, 

this Q-FRET method avoids the complicated procedures of handling radioactive materials. The 

distance-dependent intramolecular FRET mechanism suggests that this assay type is more 

suitable to organic dyes in inhibitor screenings. In addition, this method directly measures the 

production of acylated histone substrates, better than the CPM assays that quantify the by-

product CoASH. The instability of acyl-CoA molecules and the thiol containing reagents can 

easily lead to false positive results in the latter assays system. Therefore, the high-performance 

assay strategy presented here has great potential to be widely applied for KAT activity 

measurement and inhibitor screening and characterization.  

Chemical biology studies summarized in chapter 2 and 3 lead to valid approaches for KAT 

sub-acylome profiling and KAT activity measurement. Our biochemistry and molecular biology 
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investigations are summarized in chapter 4 and 5, which focus on the characterization of novel 

activity of KAT enzymes and discovery of novel lysine acylation PTM. The discovery of 

chemically diverse protein lysine acylations including propionylation, butyrylation, crotonylation, 

and succinylation, etc. represents an exciting area of research in biology.20,22,23,28,127 It embodies 

the potential and important regulatory roles of cellular acyl-CoA metabolites in the modulation 

of epigenetics and signal transduction. It would be vitally important to determine the cofactor 

promiscuity of different KATs in order to elucidate the biochemical etiology of cellular protein 

acylations. Among the three major eukaryotic KAT families, the p300/CBP and GCN5/PCAF 

members are known as promiscuous acyltransferases that can carry out lysine propionylation and 

butyrylation to different levels other than classic lysine acetylation.26-28,30 The MYST family, 

which contains the largest number of KAT enzymes and works differently than the p300/CBP 

and GCN5/PCAF KATs, has been known as strict acetyltransferases. In this study, we found that 

the MYST family of KATs showed strong bona fide lysine propionyltransferase (KPT) activity 

on both histone and non-histone substrates. The proteomic analysis revealed that the 

representative MYST member MOF has highly identical acetylome and propionylome profiles 

while the modification levels at individual lysine residues were slightly different. Nevertheless, 

the propionylome of MOF is partially different from other KPTs such as GCN5 and p300. We, 

for the first time, solved the crystal structure of MOF bound with propionyl-CoA and found that 

the amino acid residue proline 349 in MOF, conserved through the MYST family of KATs, is 

required for its KPT activity. These findings suggested that MYST KATs carry out both lysine 

acetylation and propionylation on a wide range of cellular proteins and therefore, may regulate 

much broader cellular processes than sole chromatin dynamics. Together with previous studies 
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showing the KPT activity of GCN5/PCAF and p300/CBP KAT members, the present study 

defines a holistic view of eukaryotic KAT enzymes as KPTs.  

Lysine butyrylation on -amino group in protein lysines has two extra carbons on the acyl 

chain than lysine acetylation. It was first discovered in 2007 with a mass spectrometry study and 

was recognized as n-butyrylation without any bias.28 Many studies have suggested that lysine 

acetylation and butyrylation on the same lysine residue may lead to different biological outcomes, 

indicated the distinct biological effects of lysine butyrylation.24 Our study shown in chapter 5 

demonstrated that isobutyryl-CoA can be produced from the acyl-CoA synthetase pathways and 

valine metabolism in mammalian cells. Isobutyryl-CoA in newly recovered 293T cells is three 

times more abundant than n-butyryl-CoA but the isobutyryl-CoA level is drastically decreased in 

aged cells. The enzyme activity assay and western blot analyses suggested that HAT1 is a strong 

lysine isobutyryltransferase and lysine isobutyrylation only exists in histone lysines. These 

findings together demonstrate that lysine isobutyrylation is a bona fide PTM in histone proteins. 

The previously reported biological effects of lysine butyrylation may be partially induced by 

lysine isobutyrylation and more biological effects of lysine isobutyrylation may be revealed in 

future studies. 

In summary, this dissertation focuses on the investigation of KAT activities and functions.  

We developed two chemical biology approaches for KAT sub-acylome profiling and high 

throughput measurement of KAT activity, respectively. We identified the dual enzymatic activity 

of MYST KATs as both acetyltransferases and propionyltransferases with a combined suite of 

biochemistry, mass spectrometry, and structural biology approaches. We also defined lysine 

isobutyrylation as a novel PTM on histone proteins. These data provide valuable insights on the 

mechanistic studies of KAT-related physiological and pathological processes. 
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