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ABSTRACT 

Protein post translational modifications (PTMs) refer to the modification by adding a 

specific moiety to the amino acid side chain after their biosynthesis. Owing to the advances of 

high-sensitivity mass spectrometry, more than 400 different types of PTMs have been identified, 

including phosphorylation, ubiquitylation, glycosylation, methylation and acetylation. Biological 

investigations of the functionalities of different PTMs have revealed their participation in different 

crucial cellular processes. Dysregulation of PTMs or corresponding regulatory enzymes could 

result in dysfunction of critical biological processes and lead to occurrence and progression of 

various diseases. Despite many efforts to disclose protein modifications in cells by quantitative 

proteomics, the substrate specificity for individual PTM or its regulatory enzyme is still less 

investigated, which limits our understanding of how the PTM contributes to a specific cellular 

process. Therefore, there is an urgent need to profile and identify the protein substrates for each 

single PTM. Here, we reported our work in the study of Histone acetyltransferase 1 (HAT1) 

substrates, lysine methacrylylation substrates and cysteine (S)-2-carboxypropylation substrates. 

First, we created a series of engineered HAT1 and found one could efficiently catalyze the 

acylation and label its protein substrates combined with a clickable acyl-CoA bioorthogonal 



reporter, 3-azidopropanoyl CoA (3AZ-CoA). We identified hundreds of novel protein substrates 

of HAT1 by chemoproteomic profiling. Second, we developed a sensitive and robust chemical 

probe which could selectively label and identify protein methacrylylation substrates. Proteomic 

identification revealed hundreds of sodium methacrylate and valine dependent methacrylylated 

proteins as well as HAT1 dependent methacrylylated proteins. Last, we designed and synthesized 

a bioorthogonal chemical probe which was used to discover a new protein modification, (S)-2-

carboxypropylation. Through chemoproteomic profiling, we successfully identified hundreds of 

protein substrates as well as 120 modification sites. Together, the current work expands the 

researchers’ toolbox to study protein PTMs, provides valuable insights in understanding the 

mechanisms of how PTMs regulate cellular processes and offers new directions for the 

development of therapeutical methods for PTMs related diseases. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

This work is adapted with permission from the review article: Song, J.; Zheng, Y. G. 

Bioorthogonal Reporters for Detecting and Profiling Protein Acetylation and Acylation. SLAS 

Discov 2020, 25 (2), 148-162. DOI: 10.1177/2472555219887144 

1.1 Protein Lysine Acetylation and KATs 

Lysine acetylation of proteins is an essential posttranslational modification (PTM) that 

regulates plethoric biological processes from gene transcription, cell cycle, apoptosis, metabolism, 

signal transduction, to cell differentiation.1-8 Although nonenzymatic processes are present, the 

site-specific acetylation reaction is dominantly catalyzed by protein lysine acetyltransferases 

(KATs) that transfer the acetyl group from acetyl–coenzyme A (acetyl-CoA, Ac-CoA) to the ε-

amino group of specific lysine residues in proteins (Figure 1.1A). A dozen KAT members in 

mammalian cells have been identified and characterized both genetically and biochemically, which 

include the GNAT representative members GCN5, PCAF, and HAT1; five MYST family members 

(MOF, TIP60, MORF, MOZ, HBO1); p300 and CBP.9-16 A few other proteins such as CLOCK, 

NAT10 and NCOAT, though mentioned as KAT members, remain poorly characterized and are 

sometimes considered as orphan or noncanonical KAT members.16, 17 Importantly, dysfunction of 

KATs were found to associate with cancer incidence, progression, and metastasis.15, 18, 19 For 

example, it has been found that the expression of PCAF, which can reduce the hepatocellular 

carcinoma (HCC) growth by acetylating histone H4, is decreased in most of the HCC cells.20 

Upregulation of GCN5 has been detected in human colon adenocarcinoma tissues and suppression 
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of GCN5 expression inhibits the tumor cell growth, which could serve as a potential therapeutical 

target.21 Mechanisms for regulation of human lung cancer cells by HAT1 have also been 

investigated and the studies suggested that HAT1 can promote lung cancer cell apoptosis via up-

regulation the expression of Fas.22 Moreover, MOF, as a representative KAT in MYST family, has 

also been found to play important roles in tumor suppressor functions. The decreased expression 

or mutation of MOF was detected in both breast cancer and medulloblastoma, which regulates the 

cancer progression via acetylation of histone H4 lysine 16.23 Additionally, dysfunctions of p300 

and CBP are also involved in various malignancies.24 High expression of p300 and CBP has been 

detected in colorectal cancer cells.25 Studies in human colon cancer cells showed that p300 activity 

is critical for p53 response after DNA damage and suppression of p300 activity in cancer cells aids 

in chemotherapy.26 Although the dysfunctions or mutations of different KATs in cancer cells have 

been elucidated, the knowledge of the specific mechanisms, i.e., the protein substrates regulated 

by individual KATs, are still largely unknown, which hindered the further development of 

therapeutical methods. On the other end of the acylation spectrum, long chain fatty acylation have 

also gained increasing interests in recent years, of which the most extensively studied 

modifications are N-myristoylation on the N-terminal glycine residues catalysed by N-

myristoyltransferases (NMTs) and S-palmitoylation on the cysteine residues via a thioester bond 

catalysed by palmitoyltransferases (PATs).27-29 Side chain myristoylation of lysine residues is also 

identified but no corresponding acyltransferase has been reported so far. 

Proteomic studies have revealed the presence of hundreds to thousands of acetylated 

proteins and acetylation sites throughout the cell, which suggests the prevalence of lysine 

acetylation in nearly every facet of cell physiology.30-35 Since KAT enzymes are key regulators for 

cancer biology, high-throughput assays have been designed to screen drug-lead inhibitors for 
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specific KATs with the goal of developing new anticancer drugs.16, 36-38 While the importance of 

KATs in physiology and disease is widely recognized, functional annotation of KAT enzymes in 

regulating key biological pathways is far from completely understood. Especially, how the 

acetylome of individual KAT enzymes distinguishes from one another and how the substrate 

distribution of KATs is affected by various intracellular or environmental stimuli demand further 

investigation. A clear biochemical, structural, and proteomic understanding of KAT substrate 

specificity and the impact of individual KATs in (patho)physiology regulation is greatly needed. 

Elucidation of molecular targets of KATs represents a leading step toward fully dissecting the roles 

of KATs in gene regulation and their functions beyond the chromatin biology realm. In this regard, 

mass spectrometry (MS)-based profiling has provided a plethora of information about acetylated 

proteins5, 39, 40, albeit with limited information on enzyme-substrate correlations. Protein 

microarray is also an effective method in KAT substrate identification on a large scale.41 Using 

yeast proteome microarrays, Lin et al. identified many nonchromatin substrates of the nucleosome 

acetyltransferase of H4 (NuA4) complex.42 
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Figure 1.1 Schematic of protein lysine acetylation and its reformulated bioorthogonal 

acylation using functionalized acyl-CoA surrogates. (A) Normal acetylation of protein 

substrates is catalyzed by KATs. (B) Mercaptoacetyl-CoA can be utilized by KATs and 

mercaptoacetate-labeled proteins are isolated with mercury affinity column. (C) Chloroacetyl-CoA 

can be utilized by KATs and chloroacetylated proteins react with thiol-containing reagents for 

further detection. (D) Alkyne-labeled CoA surrogates can be utilized by KATs, and the labeled 

proteins undergo downstream click reaction to conjugate with a probe. (E) Azido-labeled CoA 

surrogates can be utilized by KATs, and the labeled proteins undergo downstream click reaction 

to conjugate with a probe. (F) Alkene-labeled proteins can be connected with probes by Heck 

reaction. (G) Alkyne-labeled malonyl-CoA surrogates are used to detect protein malonylation. 

1.2 Protein lysine acylations and cysteine modifications 

Except for lysine acetylation, a growing number of short chain lysine acylations have 

drawn a lot of attention in recent years. For example, there are propionylation, butyrylation, 

isobutyrylation, crotonylation, methacrylylation, lactylation, 2-hydroxyisobutyrylation, 

benzoylation, malonylation, succinylation and glutarylation.43-46 Evidence have shown that these 

short chain acylations can also be generated enzymatically by above mentioned KATs or formed 

non-enzymatically.47 Additionally, it has been noted that some of the KATs possess cofactor 

promiscuity, which means that they not only catalyze protein acetylation, but also catalyze other 

protein acylations by transferring the short chain acyl groups from Acyl-CoA to the corresponding 

protein substrates. For instance, p300 has been reported to work as a transferase for lysine 

acetylation, propionylation, butyrylation, crotonylation and 2-hydroxyisobutyrylation, etc..48-51 

MOF can catalyze protein lysine acetylation, crotonylation and propionylation.51, 52 HBO1 is able 
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to catalyze protein lysine acetylation and benzoylation.53 Also, HAT1 can regulate protein lysine 

acetylation, isobutyrylation, and methacrylylation as a transferase.43, 45 Importantly, mounting 

evidence have shown that different acylations on protein substrates result in different biological 

readouts. Wei et al. showed that crotonylation of HDAC1 can attenuate its enzymatic activities on 

histone substrates.54 β-hydroxybutyrylation of p53 could regulate p53 acetylation level and reduce 

cell growth by decreasing p53 activity.55 Lactylation of poly(ADP-ribose) polymerase 1 can 

influence its ADP-ribosylation activity and may potentially regulate DNA repair.56 Besides various 

lysine acylations, cysteine modifications such as itaconation and S-succination have also been 

identified and it has demonstrated that the modifications greatly influence cellular inflammatory 

pathways by modifying some essential proteins such as serine/threo-nine-protein kinase 3 (RIPK3), 

and ATP-citrate synthase (ACLY).57, 58 Therefore, the identification of protein substrates for 

different modifications would be extremely important for understanding their roles in cell 

regulation.  

1.3 Functionalized Chemical Reporters for Labeling Protein Substrates 

A technical challenge in the biochemical study of lysine acetylation lies in that the 

transferred acetyl group is chemically inert, which renders that direct chemical detection of KAT-

medicated protein acetylation to be practically difficult. Standard methods of acetylation detection 

typically rely on radioisotope labeled acetyl-CoA or antibody recognition of acetylated lysine 

residues.16, 38, 59, 60 Application of high-throughput mass spectrometry techniques for label-free 

detection and quantitation of lysine acetylation reaction products are also used to characterize KAT 

enzyme activities and inhibitors.61 All the methods have satisfying sensitivity and reliability in 

acetylation detection, but they suffer from such issues as lacking substrate specificity, loss of 

tempo-spatial information, operational discontinuity, and high costs. In order to gain amenable 
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signals for detection and capture, a number of research efforts have been made to explore acetyl 

or fatty acyl derivatives that containing small-size bioorthogonal functional reporter groups to 

make acetyl-CoA and acyl-CoA surrogates that can be used by KATs for substrate labeling.16, 59, 

62-64 These bioorthogonal approaches provide a new dimension of technical accessibility to explore 

the landscape of lysine acetylation and acylation. The evident benefit is that the chemical reporter 

moiety on fatty acyl groups can be utilized for conjugation with fluorescent probes or affinity tags 

via a chemoselective chemical ligation to detect acylated proteins (Figure 1.1). For in vitro studies, 

functionalized short chain fatty acyl-CoAs are directly used to replace acetyl-CoA for substrate 

labeling. For cellular studies, functionalized short chain fatty acids (SCFAs) are typically used to 

circumvent cell permeability issue, which is based on the principle that inside cells SCFAs are 

converted by endogenous acyl-CoA synthetases into functionalized fatty acyl-CoAs which are 

used by respective KATs to label their acetylated substrates.  

With 2-mercaptoacetate as an acetate surrogate, Sterner and Allfrey first reported a cell-

permeable chemical reporter for monitoring post-synthetic acetylation to target acetylated proteins 

in duck erythrocytes.65 They proposed that the incorporated acetate analog would be metabolically 

converted to mercaptoacetyl-CoA that subsequently underwent histone mercaptoacetylation 

(Table 1.1). The study indeed showed that the incorporated sulfhydryl groups can be utilized by 

endogenous KATs to be introduced into chromosomal proteins such as histones and HMG 

proteins. Furthermore, mercaptoacetylated proteins were selectively recovered from the biological 

mixture by mercury-affinity column chromatographic techniques and then subjected to MS 

analysis (Figure 1.1B). The shortage of this method is that it is limited for the labeling and 

isolation of KAT substrates lacking sulfhydryl amino acids. For most proteins the sulfhydryl group 
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present on the side chain of cysteine residues will interfere with and complicate labeling efficiency 

and specificity. 

Table 1.1 Acetyl-CoA surrogates combined with wild-type or mutant KATs to label their 

substrates. With the treatment of acetate analog precursors, cells can generate corresponding 

acetyl-CoA surrogates which can be then recognized by respective KAT enzymes. 

Acetate analogs acetyl-CoA 
surrogates KAT Enzymes 

Unspecified KATs 

RimL 
HAT1 

Unspecified KATs 

p300 
GCN5-T612G 
MOF-I317A 

p300 
GCN5-L531A 
GCN5-T612G 

GCN5-T612G/F622A 
GCN5-T612G/L531A 

MOF-I317A 
MOF-H273A 
MOF-H273G 

GCN5-T612G 
MOF-I317A 
MOF-V314G 
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p300 
GCN5-L531A 
GCN5-T612G 
MOF-I317A 

         MOF-V314G 

MOF-I317A 
GCN5-T612G 
GCN5-F622A 

Unspecified KATs 

Unspecified KATs 

The use of chloroacetyl-coenzyme A (ClAcCoA) (Table 1.1) to identify protein substrates 

for some members of the GNAT superfamily was reported by the Blanchard group.66 One such  

GNAT member is the histone acetyltransferase 1 (HAT1), the first identified HAT enzyme.67 

Using ClAcCoA as an acetyl-CoA surrogate in junction with sulfydryl functionalized 

fluorophores, Blanchard et al. developed this orthogonal method to label yeast HAT1 substrates 

(Figure 1.1C).66 Histone H4, known substrates of HAT1, can be chloroacetylated by HAT1 

rapidly and selectively in vitro. Moreover, RimL, which is an acetyltransferase in E. coli also 

showed a good activity with the reporter. The chloroacetylated products are stable enough with a 

slow rate of hydrolyzation, whereas reactive enough to be conjugated with thiol nucleophiles such 

as TAMRA-cysteamine for fluorescent visualization. Potentially, thiol-containing reagents can be 
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designed with affinity handles for LC-MS/MS analysis to make the proteome-wide identification 

of substrates for the GNAT members. A unique property of ClAcCoA is that, during KAT 

catalysis,  the chloroacetyl group transferred to the substrate can react with the other product, 

CoASH, to generate an CoA-acetyl-substrate conjugate. When [3’-32P]-ClAcCoA is used, the 

product of the reaction becomes radiolabeled, and for protein substrates, can be observed after 

SDS-PAGE and autoradiography.66 

 Biomolecular labeling with azide or alkyne-functionalized chemical reporters and 

subsequent bioorthogonal ligation have gained prominent recognition in the chemical biology 

field.64, 68 The incorporated alkyne or azide reporter group serves effectively as a chemical warhead 

to selectively react with azide/alkyne-containing probes via copper-catalyzed azide−alkyne 

cycloaddition (CuAAC) chemistry.69-71 Owing to the much stronger chemoselectivity and 

bioorthogonality of CuAAC reaction compared with thiol-halide nucleophilic substitution 

reactions, utilization of clickable reporter groups for biomolecular labeling is a prime choice in 

bioorganic chemistry. Design of clickable acyl-CoA surrogates bearing an alkyne functional group 

(Table 1.1) to identify KAT substrates were first explored by Hang group to provide a 

chemoproteomic strategy to profile the acetylome of KAT members p300/CBP.72, 73 p300 showed 

a good activity towards 4-pentynoyl CoA (4PY-CoA) ) (Table 1.1) as the cofactor for substrate 

labeling which suggests that 4PY-CoA serves as a bioorthogonal chemical reporter to study p300 

activity.73 In kinetic characterization, 4PY-CoA exhibited a 10-fold lower kcat/KM value as 

compared with acetyl-CoA.74 Consistent with the data reported by the Hang group, we found p300 

have great cofactor promiscuity toward alkyne-functionalized acetyl-CoA analogs 4PY-CoA, 5-

hexynoyl CoA (5HY-CoA), and 6-heptynoyl CoA (6HY-CoA) (Figure 1.1D).75 Additionally, we 

found that the azido-containing analog 3-azidopropanoyl CoA (3AZ-CoA) (Table 1.1) is strongly 
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recognized by p300 HAT domain with comparable or stronger activity than Ac-CoA based on 

kinetic characterization. Also, there is around 8-fold higher specificity for 3AZ-CoA toward p300 

than that of 4PY-CoA suggesting that 3AZ-CoA is another excellent acetyl-CoA surrogate to 

identify protein targets of the p300/CPB KATs (Figure 1.1E).74 Importantly, the labeling activities 

of 3AZ-CoA for the other wild-type KATs such as MOF, Tip60, MOZ, MORF, GCN5, and PCAF 

were quite weak, which demonstrates the unique pairing property between 3AZ-CoA and p300.74, 

75  

Although several short chain clickable acyl-CoAs are active for wild-type p300/CBP to 

label their substrates, most KATs cannot efficiently take clickable acyl-CoAs for substrate labeling. 

The major obstacle is that the active pocket of most KATs is too small to accommodate the acyl 

head group of acyl-CoA. To overcome this problem, we performed experiments to engineer the 

active site of KATs GCN5 and MOF to expand their cofactor binding capability to accommodate 

the bulkier synthetic cofactors.75 As such, the engineered KATs will be able to be used in junction 

with synthetic acetyl-CoA surrogates to establish bioorthogonal probes to investigate cellular 

substrates of these KAT enzymes. In our study, we tested five functionalized acetyl-CoA analogs 

containing alkynyl functional groups, including 4PY-CoA, 5HY-CoA, 6HY-CoA and two azide 

functionalized acyl-CoA molecules, 3AZ-CoA and 4-azidobutanoyl CoA (4AZ-CoA) (Table 1.1). 

The installed alkynyl and azido functional group is expected to facilitate downstream detection 

and characterization of labeled KAT substrates. 

For GCN5 KAT, we analyzed its active site structure and identified several conserved 

bulky residues surround the acetyl warhead group of acetyl-CoA: L531, M534, I576, F578, T612, 

F622, and Y645.75 To expand the cofactor binding pocket for it to accommodate bigger size acyl 

groups, we replaced each of these residues with smaller ones, i.e. alanine or glycine. To identify 
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the engineered enzyme forms that are active to the Ac-CoA substitutes, the entire panel of acetyl-

CoA analogs was screened in histone modification reactions catalyzed by both the wild-type and 

engineered GCN5 proteins. As expected, wt-GCN5 exhibited a strong activity toward acetyl-CoA, 

the cognate cofactor of KATs, but was inert toward all the acetyl-CoA substitutes. On the other 

hand, several engineered GCN5, e.g. GCN5-L531A/G, -I576A, -T612A/G, and -F622A, exhibited 

appreciable activities to the synthetic analogs at varied degrees. In particular, the single mutant 

GCN5-T612G was active toward all the tested cofactors with 4AZ-CoA being the weakest.74 

Further, GCN5-T612G/F622A and -T612G/L531A mutants exhibited excellent activity toward 

5HY-CoA.  

We also engineered the active site of the MYST member MOF.75 The crystal structure of 

MOF─Acetyl-CoA complex76 shows that the acetyl moiety of the cofactor is surrounded by 

several bulky residues: V314, I317, I333, P349, P352 and L353. H273 is another potential residue 

that may affect the enzyme activity77-79. We carried out mutation of each residue to Ala or Gly to 

expand the enzyme active site for acyl-CoA binding. Activities of each MOF mutant toward the 

synthetic acetyl-CoA analogs were screened through enzymatic modification of the histone H4 tail 

peptide. Among the tested MOF mutants, H273A and H273G recognized 5HY-CoA, and V314G 

recognized 6HY-CoA and 3AZ-CoA. Strikingly, MOF-I317A was active toward all the acetyl-

CoA substitutes. The double mutant MOF-I317A/H273A retained a reasonably good activity to 

5HY-CoA. More details of the work can be found in reference 75. 

Except alkyne/azide functionalized acyl-CoA as chemical reporters for probing protein 

acylation, Dekker and coworkers introduced sodium 4-pentenoate as a bioorthogonal chemical 

reporter to label endogenous acylated proteins followed by Heck coupling.80 In their studies, 

incubation RAW 264.7 cells with sodium 4-pentenoate to form intracellular 4-pentenoyl-CoA 
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(Table 1.1) to establish 4-pentenoyl-labeled proteins. The labeled histones were then coupled with 

fluorescein or biotin-labeled phenylboronic acid via oxidative Heck reaction using EDTA-PdII as 

a catalyst (Figure 1.1F).81 Fluorescence-based imaging showed that the 4-pentenoyl labeling of 

histones was dose-dependent and a strong fluorescent signal was seen for histone H3. Compared 

with alkynic reporters, the authors suggested that the lack of histone H4 labeling was due to the 

poor cell-permeability of the alkenic reporter. This study provides an alternative orthogonal 

reporter method for metabolic labeling of KAT substrates. 

1.4 Chemoproteomics for Identification of Protein Substrates 

 Bioorthogonal acyl-CoA reporters provide unprecedented opportunities to establish a 

powerful chemical biology protocol to detect and study protein lysine acetylation in ways that 

cannot be accomplished by classic molecular biology methods. The added chemoselective 

functionality on the acyl group in substrates can be utilized to achieve various applications. First, 

fluorescent and other optical probes can be chemoselectively linked to the clickable reporter group 

to image acylated products and their subcellular location without recourse to the reliance on 

antiacetyl antibody or radioisotope. In principle, the labeling and imaging can be performed in live 

cells, which will provide spatially resolved images of KAT substrate distribution in different 

organelles. Second, the acylated substrates can be further labeled with affinity handles for their 

pulldown enrichment from complex biological mixtures. This methodology coupling with modern 

tandem MS allows for proteomic profiling of KAT substrates. Since the chemical modifying group 

is drastically different from the native acetyl group, it is technically more facile to identify 

acetylated substrates caused by overexpression or knockdown of a particular KAT of study. Third, 

the chemoreactive group in acetylated substrates can potentially be linked to any other 

biomolecules of interest that bear complementary clickable moieties to investigate KAT-mediated 
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protein-protein interactions and other biological processes. Last but not least, currently available 

high-throughput assays for KAT drug discovery are mostly antibody-based detection of the acetyl 

product or spectroscopic detection of the side product CoA.16, 38 Bioorthogonal linking of acylated 

KAT substrates with fluorescent or bioluminescent probes could generate new protocols for KAT 

drug screening.82, 83 

The methodology of using bioorthogonal acyl-CoA reporters for KAT substrate 

identification and profiling typically involves two steps: the first step is protein substrate labeling 

by acyl reporters which are enzymatically acted by respective KATs; then the labeled targets are 

detected with an imaging or affinity probe via a chemoselective bioorthogonal chemical 

conjugation.84 In practice, the reporter labeling can be carried out in two different protocols which 

depend on the biological contexts to be studied. In one protocol, functionalized acyl-CoA and 

respective recombinant KATs are used directly to install acyl reporters onto proteins in purified 

forms or complex cell lysates. This is technically desirable because there is no requirement of 

plasma membrane penetration. The limitation, however, is that KATs are not present in their native 

forms and cell lysate proteomes do not retain their intact cellular milieu. Therefore, there is a 

higher chance of introducing artificial interference. The other protocol is through metabolic 

labeling in living cells. Acyl-CoA are widely believed to have no or little membrane permeability; 

therefore they cannot be directly applied to interrogate protein acetylation and acylation in cells. 

To circumvent the membrane passage issue, functionalized short chain fatty acids (SCFAs) are 

used as precursors of respective acyl-CoA and added in tissue culture media. A number of studies 

have shown that functionalized short chain fatty acids can cross plasma membrane to enter cells. 

Once inside the cells, these molecules are converted to respective acyl-CoA derivatives by the 
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cell's own biosynthetic machinery. Acyl-CoA are eventually used as cofactors by KATs to acylate 

their substrates.  

The KAT-mediated protein labeling followed by site-selective chemical conjugation 

provides ample opportunities for detection, visualization, and further characterization of KAT 

targets.  Most commonly, labeled proteins are either be visualized by coupling to fluorescent dyes 

such as fluorescein or tetramethylrhodamine (TAMRA)for in-gel fluorescence imaging, or isolated 

and enriched by specific affinity pull-down experiments (Figure 1.2).85 Tandem MS proteomic 

profiling of the bioorthogonally labeled of KAT substrates is of great significance to provide 

insights into function of KATs. To facilitate affinity enrichment of labeled protein substrates for 

proteomic study, the Hang group developed a highly efficient Na2S2O4-cleavable azobenzene–

biotin tags (azido-azo–biotin) that allow pulldown of labeled proteins on streptavidin beads and 

meanwhile selective elution of affinity attached proteins for MS-based protein identification 

(Figure 1.2).86 

Figure 1.2 General procedures to profile KAT substrates using bioorthogonal reporters. The 

reporter labeling can be carried out in two different ways: one, acyl-CoA and respective 
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recombinant KATs are used directly to install acyl reporters onto proteins in purified forms or 

complex cell lysates. Two, functionalized short chain fatty acids are used as precursors of 

respective acyl-CoA to treat cells in tissue culture. Once entering the cells, these precursor 

molecules are converted to respective acyl-CoA derivatives by the cell's own biosynthetic 

machinery. Following reporter labeling, modified substrates are conjugated via bioorthogonal 

ligation to install either fluorophore probes for fluorescent imaging or affinity tags for proteomic 

enrichment and tandem MS profiling. 

Several research groups have demonstrated substrate labeling with functionalized acyl-

CoA, bioorthogonal click conjugation, and downstream protein detection and analysis. Hang et al. 

detected the feasibility of cell-permeable bioorthogonal chemical reporters to profile protein lysine 

acetylation.87 Culturing Jurkat T cells with 3-butynoate, 4-pentynoate and 5-hexynoate followed 

by CuAAC-fluorescent detection, all of the three reporters showed the metabolic labeling was 

time- and dose-dependent. The application of sodium 4-pentynoate to Jurkat T cells identified 194 

modified proteins as KATs substrate candidates through affinity enrichment by reacting with a 

cleavable azido-biotin tag followed by LC-MS/MS analysis.87 Furthermore, the MS analysis also 

revealed the modification sites on protein by 4-pentynote moiety were the same as known 

acetylation sites on histones H2B, H3, and H4 in cells, which provides validating evidence that 

these short-chain alkyne-acyl carboxylates can monitor protein acetylation in living cells as an 

efficient chemical reporters (Figure 1.2). In addition, the same group applied 4PY-CoA together 

with purified KAT p300 to profile and identify p300 substrates from nuclear extracts of HeLa 

cells.73 This chemical proteomics experiment identified several known protein substrates of p300, 

several new candidate p300 substrates, and the sites of modification. These results are an excellent 
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demonstration that bioorthogonal chemical proteomics allows the rapid substrate identification of 

individual protein acetyltransferases in vitro. 

We applied 3AZ-CoA as a bioorthogonal surrogate of acetyl-CoA for understanding the 

substrate profile difference between KAT p300 and GCN5, two representative KATs in 

mammalian cells.74 In this study, protein extracts of human embryonic kidney 293T cells were 

subjected to 3AZ-CoA with wild type p300 and GCN5-T612G mutant. The 3-azidopropionylated 

substrates were subsequently labeled with a sodium dithionite cleavable alkyne-azo-biotin through 

the CuAAC reaction. Following 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. The identified proteins are either p300- or GCN5-unique or shared by the 

two KATs, and are extensively involved in various biological events including gene expression, 

cell cycle, and cellular metabolism. We validated two novel substrates of GCN5 by co-transfection 

studies, i.e. IQGAP1 and SMC1. These results reveal extensive engagement of GCN5 and p300 in 

cellular pathways and provide insights in understanding their functional redundancy and 

distinction in biological pathway regulation. 

To boost cell permeability of functionalized SCFAs, Meier and coworkers developed a set 

of ester modified SCFA pro-metabolites inspired by masking the polar groups in analogy of pro-

drugs.88 After the treatment of 3azidopropionyl-ester (Table 1.1) to the cell, LC-MS metabolomics 

analysis confirmed the formation of corresponding 3AZ-CoA. The modified proteins can be 

conjugated with fluorescent probes with CuAAC reaction visualized through the fluorescent gel-

based assay. Again, the pro-metabolic labeling was also time- and dose-dependent. Interestingly, 

inhibition of p300 activity by a small molecule inhibitor decreased the labeling efficiency of some 

but not all proteins, which suggests that p300 work with other KATs to establish proteins acylation. 
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After conjugated to alkyne biotin via CuAAC and enriched by streptavidin-agarose, the labeled 

proteins were subjected to LC-MS/MS analysis, the results showed that 41% of the enriched 

proteins have been identified by Hang and coworkers, and some new acetylated marks were 

discovered. 

Relatedly, Li and co-workers developed an alkyne functionalized malonyl ester reporter to 

study lysine malonylation.89 This alkynyl diacetoxy-methyl pro-drug (MalAM-yne) (Table 1.1) 

can get into cells, release the corresponding functionalized malonic acid, and be converted into 

alkyl malonyl-CoA, which is subsequently utilized by hypothetic malonyltransferases (note that 

no bona fide malonyltransferases have been authenticated) to label their substrates (Figure 

1.1G).89 

1.5 Conclusions 

 In this chapter, we provided some important perspectives regarding the biochemical 

mechanisms of protein acetylation and acylations, the regulatory functions of KATs, the 

development of functionalized chemical reporters, and the progress of chemoproteomic methods 

for protein substrates identification. We discussed the important roles that protein acetylations and 

acylations play in cellular functional regulation. We also discussed the cofactor promiscuity of the 

different KATs which shows the complicated mechanisms that KATs possess to mediate protein 

activities. Additionally, we discussed the progress of the development of functionalized chemical 

reporters and the associated chemoproteomic methods, which enable the substrates labeling, 

imaging, and identification. These important research outcomes have laid a solid foundation for 

further investigation of the functionalities of different KATs, and identification of substrates for 

both KATs and PTMs. However, there are still some critical problems to be tackled.  
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Although we have mentioned that in our and other people’s previous work, the clickable 

bioorthogonal chemical reporters have been designed and successfully applied to label and identify 

the protein substrates for individual KATs such as p300, GCN5 and MOF, the cell permeability 

issue of the chemical reporters limits their further utilization in detecting activities of KAT 

enzymes in intracellular contexts. Applying functionalized fatty carboxylates as precursors of acyl-

CoA has proven to be a practical approach, but metabolic conversion of fatty acid to fatty acyl-

CoA could be limited by the cellular level of acyl-CoA synthetases.90 Therefore, more efforts need 

to be made to develop more efficient and robust cell permeable bioorthogonal chemical reporters. 

In this way, the labeling and identification of protein substrates for individual KATs can be 

performed intracellularly, which will provide valuable information for KATs’ functions in native 

cellular context. Moreover, among different families of KATs, HAT1 is the first discovered but 

poorly studied enzyme. Dysregulation of HAT1 has been found to be related to lots of pathological 

processes. Thus, using the cell-permeable bioorthogonal chemical reporters to identify the protein 

substrates for HAT1 will be critical for understanding its biological functions. 

Additionally, as aforementioned, lots of short chain acylations have been identified, but 

lack of information of the regulatory functions for each single PTM still hinders our understanding 

of its role in cells. To solve the problem, we believe the substrates specificity for the individual 

PTM is critical to decipher its function. Methacrylylation is a recent identified protein modification 

and is the isomer of crotonylation, which is already a well-studied protein modification. To date, 

the protein methacrylylation is only discovered on histone proteins. Questions like whether 

methacrylylation could also be expanded on other non-histone proteins like crotonylation and what 

is the functional roles of methacrylylation in cell regulation remain to be answered. Therefore, 
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designing functionalized chemical reporters for labeling and identification of cellular 

methacrylylated protein substrates would be significantly important.  

The development of chemical reporters could not only aid in the identification of the 

protein substrates for the known protein modifications but help with the discovery of the new 

PTMs. Different protein modifications lead to different biological functions, so it is important to 

identify novel PTMs intracellularly. Since methacrylylation has been identified and it has known 

that HAT1 can catalyze protein methacrylylation by transferring methacrylyl group from 

Methacryl-CoA (MC-CoA) to its protein substrates.43 Additionally, the methacryl group of MC-

CoA possesses a double bond, leading to its strong electrophilicity. Based on these findings, we 

suspected that the methacryl group might conjugate with nucleophiles such as cystine 

intracellularly to form new modifications. Therefore, it is necessary to design functionalized 

chemical reporters to identify uncovered new modifications as well as their protein substrates. 

1.6 Goal for the work 

As reviewed in this chapter, PTMs are important for regulation of diverse cellular functions 

by modifying specific proteins. KATs are essential regulatory enzymes to mediate the 

corresponding PTMs. Unregulated PTMs or dysfunction of KATs are associated with multiple 

diseases. Although previous studies have elucidated many different types of acylations, 

corresponding KATs and protein substrates, the substrates specificity for individual PTMs or 

KATs haven’t been thoroughly investigated, which greatly hinders our understanding for their 

functions in cell regulation. Therefore, in this work, we sought to design functionalized chemical 

reporters to identify the protein substrates for individual KATs and PTMs. Our goals are to develop 

cell-permeable chemical reporters coupled with engineered HAT1 to label and identify novel non-

histone protein substrates for HAT1; design and synthesize chemical probes to capture cellular 
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methacrylylated proteins and HAT1 dependent methacrylylated proteins, which will then be 

identified through chemoproteomics; and generate chemical probes to uncover novel PTM which 

is potentially formed by MC-CoA and identify the corresponding protein substrates. 



22 

CHAPTER 2 

CHEMOPROTEOMIC PROFILING OF PROTEIN SUBSTRATES OF A MAJOR LYSINE 

ACETYLTRANSFERASE IN THE NATIVE CELLULAR CONTEXT 

Song, J.; Ngo, L.; Bell, K.; Zheng, Y. G. ACS Chem Biol 2022, 17 (5), 1092-1102 

Reprinted here with permission of the publisher. 
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Abstract 

The family of lysine acetyltransferases (KATs) regulates epigenetics and signaling 

pathways in eukaryotic cells. So far, knowledge of different KAT members contributing to the 

cellular acetylome is limited, which limits our understanding of biological functions of KATs in 

physiology and disease. Here, we found that a clickable acyl-CoA reporter, 3-azidopropanoyl CoA 

(3AZ-CoA), presented remarkable cell permeability and effectively acylated proteins in cells. We 

rationally engineered the major KAT member, histone acetyltransferase 1 (HAT1), to generate its 

mutant forms that displayed excellent bio-orthogonal activity for 3AZ-CoA in substrate labeling. 

We were able to apply the bio-orthogonal enzyme−cofactor pair combined with SILAC proteomics 

to achieve HAT1 substrate targeting, enrichment, and proteomic profiling in living cells. A total 

of 123 protein substrates of HAT1 were disclosed, underlining the multifactorial functions of this 

important enzyme than hitherto known. This study demonstrates the first example of utilizing bio-

orthogonal reporters as a chemoproteomic strategy for substrate mapping of individual KAT 

isoforms in the native biological contexts.  

2.1 Introduction 

Amongst the diverse post-translational modifications (PTMs), lysine acetylation is 

versatile and has been linked to various aspects of cellular processes from chromatin remodeling, 

DNA repair, signal transduction, to cellular metabolism.8 High resolution mass spectrometry-

based proteomic analysis has disclosed thousands of acetylation targets and acetylation sites in all 

subcellular organelles, which include the nucleus, cytosol, mitochondrion, and endoplasmic 

reticulum, highlighting the widespread engagement of lysine acetylation in regulating cell 

physiology.88, 91 Site-selective lysine acetylation in protein substrates is dominantly catalyzed by 

protein lysine acetyltransferases (KATs), which transfer the acetyl group from acetyl-coenzyme A 
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(acetyl-CoA, Ac-CoA) to the epsilon-amino group of lysine residues.92 Lysine acetylation marks 

can be recognized by “reader” proteins, connecting this modification to downstream signaling 

networks.93 A dozen of KAT members have been identified and classified into different major 

families including the GNAT family, the MYST family, and the p300/CBP family. HAT1, which 

belongs to the GNAT superfamily, was one of the first discovered KATs in mid-1990s.67 Renewed 

attention to HAT1 was witnessed in recent years owing to its functional  association with diverse 

oncologic processes.94 

Biochemical and cellular studies show that HAT1 acetylates newly synthesized histone H4 

at K5 and K12 sites,95 as well as histone H2A at K5 site in the cytoplasm.96 Take into account the 

thousand-sized acetylome and the extensive correlation of HAT1 with disease processes, it is 

proposed that the substrate profile of HAT1 could be much broader than merely nuclear histones, 

a scope beyond the chromatin regulation.97 To fully illuminate the significance of lysine 

acetylation and HAT1 functions in regulating epigenetics, signaling cascades, and disease 

pathways, it is critical to identify the molecular targets of HAT1 on the proteomic scale in the 

cellular context. 

Earlier approaches to profiling individual KAT substrates typically rely on 

immunoprecipitation of acetylated proteins or peptides from cells pretreated with genetic 

knockdown or selective KAT inhibitors.49, 98, 99 For instance, Garcia et al. recently identified 65 

HAT1-dependent acetylation proteins with 84 sites by comparing immortalized HAT1+/+ and 

HAT1-/- mouse embryonic fibroblast cell lines (MEFs).99 These methods are effective but have 

some inherent drawbacks such as the functional redundancy of many HATs. One might expect 

that when a particular HAT member is knocked out but another redundant HAT acetylates its 

substrates, those substrates will be invisible in knockout experiments. Importantly, the PTM 
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antibody-based immunoprecipitation is often compromised by issues such as limited sequence 

diversity, promiscuous cross-reactivity, and batch- and source-caused disparities, which may lead 

to incomplete enrichment and/or high background signals.100 Moreover, many KATs possess 

promiscuous acyltransferase activities, not merely acetylation.101, 102 Besides lysine acetylation, 

HAT1 was recently found to transfer succinyl, propionyl, isobutyryl, and methacrylyl groups to 

its substrates.43, 45, 103 It would be projected that incomplete substrates are detected when solely 

using an acetyllysine antibody to enrich protein substrates of KATs. As such, it is of great demand 

to develop new and alternative approaches for the identification and profiling of KAT substrates. 

In recent years, functionalized acyl-CoA reporters, particularly those bearing small-sized 

and chemoselective warhead groups, have been developed and applied for the identification of 

lysine acylated substrates.16, 92 Yu et al. used chloroacetyl-CoA as an orthogonal probe to label 

HAT1 substrates in vitro, but low efficiency and specificity as well as poor cell-permeability limit 

its further application on global elucidation of HAT1 substrates in cellular context.66 Lyu et al.104 

recently used fluoroacetyl-CoA in combination with reactive thiol agents to label KAT substrates. 

We and others have made and applied acyl-CoA reporters for KAT substrates discovery that bear 

azido or alkynyl functional groups, such as 3-azidopropanoyl CoA (3AZ-CoA), 4-azidobutanoyl 

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

CoA (6HY-CoA) (Table 2.1). Several of these acyl-CoA reporters were shown to be excellent Ac-

CoA surrogates to label protein substrates of the KATs either in recombinant proteins or in the 

complex proteomes of whole cell lysates.74, 75, 87 However, the lack of native cellular contexts poses 

a restriction on the accuracy and physiological relevance of substrate discovery. Taking advantage 

of the bump-and-hole approach,105, 106 herein we attempted to create engineered HAT1 (eng-

HAT1) forms that are capable to use bioorthogonal acyl-CoA reporters to label HAT1 substrates 
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with an azido or alkynyl-containing acyl group, and then the labeled substrates are conjugated with 

biotin tag for further optical detection or proteomic analysis (Figure 2.1). In the process, we 

investigated cell permeability of a panel of acyl-CoA bioorthogonal reporters to identify 

membrane penetrating ones for intracellular use. Combined, we applied the eng-HAT1 with its 

paired cell-permeable bioorthogonal reporter to label and detect HAT1 substrates in the native 

cellular environment. We successfully identified hundreds of HAT1 substrates, most of which are 

previously unknown. 

 

Table 2.1 Structures of the azide or alkyne-functionalized fatty acids and acyl-CoAs that 

were used for the cell permeability detection. 

Structures of 
acetate analogs 

Names of the acetate 
analogs 

Structures of 
corresponding 

acyl-CoA analogs 

Abbreviated names of 
the acyl-CoA analogs 

 
3-azidopropanoic acid 

(3AZ-acid)  
3AZ-CoA 

 
4-azidobutyric acid 

(4AZ-acid)  
4AZ-CoA 

 

4-pentynoic acid 
(4PY-acid)  

4PY-CoA 

 
5-hexynoic acid 

(5HY-acid)  
5HY-CoA 

 
6-heptynoic acid 

(6HY-acid)  
6HY-CoA 

 

2.2 Results and Discussion 

Generating eng-HAT1 forms conferring new activities for bioorthogonal acyl-CoA 

reporters 

Clickable acyl-CoA compounds containing azido or alkynyl groups (e.g. 3AZ-CoA, 4AZ-

CoA, 4PY-CoA, 5HY-CoA, 6HY-CoA) have been recently designed as cofactors to label peptide 
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and protein substrates for different KATs.74, 75, 87 In order to identify the potential protein substrates 

of HAT1 with bioorthogonal reporters, we wondered whether wild-type (wt) HAT1 can utilize 

these unnatural acyl-CoAs for substrate labeling. After analyzing the crystal structure of HAT1- 

Figure 2.1 Schematic description of eng-HAT1 combined with acyl-CoA analogs to label 

HAT1 substrates. The Ac-CoA binding pocket of wild type HAT1 was rationally expanded by 

mutation of selected amino acid residues to accommodate bulkier acyl-CoA analogs. The 

transferrable azido or alkyne moiety can further be detected via click reaction-induced biotin 

probe. 

Ac-CoA complex (Figure 2.2A, PDB: 2P0W),107 we surmise that the active pocket is too narrow 

to accommodate the bulky acyl group of acyl-CoA. Therefore, we adopted a bump-and-hole 

approach to mutate the residues bordering the Ac-CoA binding site of HAT1 to expand the space 

surrounding the acetyl group (Figure 2.1), with the goal of obtaining some mutant forms that can 

accommodate the synthetic acyl-CoA reporters. We identified seven bulky amino acid residues in 

the Ac-CoA binding pocket of HAT1, i.e., M222, V238, M241, A275, P278, S279, and Y282. 

Each of these residues were mutated to a less sterically hindered amino acid, i.e., alanine or glycine 
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(Figure 2.2A). It is our hope that, as a result of the mutation, the expanded binding pocket will be 

able to tolerate the larger size of acyl-CoA analogs, leading to deposition of azido- or alkynyl- acyl 

moiety to the substrates of HAT1. Therefore, by using the pET28a-HAT1 (20-341) plasmid 

(Addgene, plasmid# 25239) as a template, we mutated each of the selected residues to alanine or 

glycine using the QuikChange site-directed mutagenesis protocol (Supplementary Table S2.1). 

By protein expression in Escherichia coli BL21(DE3) cells and followed by Ni-NTA affinity 

purification, we successfully obtained the recombinant wt-HAT1 and different eng-HAT1 proteins 

(SDS-PAGE of the expressed proteins were shown in Supplementary Figure S2.1). 

(A)                                                                     (B) 

Figure 2.2 Investigation of wt or eng-HAT1 activities towards different acyl-CoA analogs. 

(A) Targeted hydrophobic bulky residues surrounding the Ac-CoA active site of HAT1-catalyzed-

acetylation for HAT1 engineering. (PDB file: 2P0W). (B) Enzymatic activity of HAT1 and its 

various mutants towards Ac-CoA and its analogs. 
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Screening acyltransferase activities of wt- and eng-HAT1 towards acyl-CoA reporters 

The acyl transfer activities of wt-HAT1 and the HAT1 mutants were measured by 

quantifying the side product CoA using the fluorogenic probe 7-diethylamino-3-(4'-

maleimidylphenyl)-4-methylcoumarin (CPM).108, 109 In a typical procedure, reactions containing 

0.04 µM of the wt- or eng-HAT1 enzyme, incubated with 40 µM of the N-terminal 20 amino acid 

H4 peptide (H4-20), and individual acyl-CoA analogs (20 µM). The reactions were quenched with 

CPM (60 µM) in DMSO and then incubated in total darkness for 20 min at room temperature. 

Fluorescence was measured at an excitation and emission wavelength of 392 nm and 482 nm, 

respectively. The data were summarized in the heat map format (Figure 2.2B and Supplementary 

Figure S2.2).  

As expected, wt-HAT1 showed desired acetyl transfer activity towards Ac-CoA but almost 

no detectable activities for other acyl-CoA cofactors. This testifies our premise that the active site 

of HAT1 is too narrow to accommodate the bulky size acyl groups. In contrast, different HAT1 

mutants exhibited varied activities towards azide/alkyne acyl-CoAs. When P278 was mutated to 

Gly, there was only 10% activity for Ac-CoA and none for the other cofactors. However, when 

replaced with an Ala, the activity for Ac-CoA increased to 40% and there was 10% activity for 

3AZ-CoA. This suggests that a residue with a hydrophobic side chain is needed at this position to 

aid in the stabilization of the acyl group binding.107 The same phenomenon observed was seen 

with HAT1-Y282: the methyl side chain of Ala in HAT1-Y282A was observed to increase the 

acyltransferase activity greatly in comparison to HAT1-Y282G. HAT1-Y282G had 1% activity 

with Ac-CoA, less than 17% activity with 4PY-CoA, 5HY-CoA, as well as 3AZ-CoA, about 20% 

activity with 4AZ-CoA, and the highest activity at 50% with 6HY-CoA. In comparison, HAT1-

Y282A had about 6% activity with Ac-CoA, 61% activity with 4PY-CoA, and greater than 80% 
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activity with most of the acyl-CoA reporters such as 5HY-CoA, 6HY-CoA, 3AZ-CoA, and 4AZ-

CoA. Remarkably, HAT1-Y282A was almost inert to Ac-CoA compared to its high activity 

towards the synthetic acyl-CoA cofactors. Given this orthogonal feature, we chose HAT1-Y282A 

mutant for further substrate detection for HAT1.  

To confirm HAT1-Y282A’s activities towards the acyl-CoA reporters in histone H4 

acylation, the mixtures of the enzymatic reaction of HAT1-Y282A, acyl-CoA analogs and H4 

peptide (H4-(1-20)) were analyzed by MALDI-MS. As shown in Supplementary Figure S2.3, 

the H4-(1-20) was clearly acylated by the acyl-CoA analogs, which is consistent with the above 

CPM assay results. Next, we quantitatively measured the steady-state kinetic rates of HAT1-

Y282A in H4 labeling with the acyl-CoA analogs at a series of concentrations by using the CPM 

assay. The kinetic constants kcat and Km were determined by fitting the acyl-CoA concentration─

catalytic rate to the Michaelis-Menten equation. kcat/Km was calculated to evaluate the catalytic 

efficiency for each acyl-CoA analog (Table 2.2, Supplementary Figure S2.4). In particular, 

HAT1-Y282A exhibited extremely high activities towards 6HY-CoA and 3AZ-CoA with kcat/Km

values of 1.40 and 1.08 min-1μM-1, respectively. Moderate activities were shown against 5HY-

CoA, 4AZ-CoA and 4PY-CoA (kcat/Km: 0.84, 0.76 and 0.30 min-1μM-1), yet HAT1-Y282A was 

almost inert towards the natural cofactor Ac-CoA (kcat/Km: 0.03 min-1μM-1). Collectively, the 

results support that the engineered enzyme HAT1-Y282A had obtained excellent activities and 

orthogonal preference towards the synthetic azide/alkyne acyl-CoA reporters for HAT1 substrates 

labeling. 
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Table 2.2. Kinetic analysis of HAT1-Y282A activity against acyl-CoA analogs. Kinetics in the 

presence of varying concentrations of CoA analogs was obtained by fitting data points to the 

Michaelis-Menten equation. To determine the kinetics of HAT1-Y282A against various acyl-CoA 

analogs, reactions containing 40 nM of HAT1-Y282A, 200 µM H4-(1-20) peptide, and 0–200 µM 

of various acyl-CoA analogs were incubated for 15 min at 30°C. 

 

 

In-gel imaging of labeled substrates by HAT1-Y282A and acyl-CoA reporters 

We sought to further validate the activities of HAT1-Y282A towards the azide/alkyne acyl-

CoA cofactors by examining the labeling efficiency on histone H4 using an imaging mode. 

Recombinant histone H4 protein was incubated with 6HY-CoA, 3AZ-CoA and 4AZ-CoA 

respectively in the presence of HAT1-Y282A. The mixture was then reacted with azido- or 

alkynyl-biotin by copper-catalyzed azide−alkyne cycloaddition (CuAAC) reaction followed by 

SDS-PAGE gel separation. The biotinylated H4 was visualized via streptavidin-HRP 
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chemiluminescent imaging. The biotinylated bands of H4 only showed up with the mixture 

containing HAT1-Y282A and acyl-CoA analogs, but barely any labeling was seen from the groups 

where HAT1-Y282A was absent (Figure 2.3). To determine if HAT1-Y282A acylates histone H4 

in a site-dependent manner, we synthesized three peptides, e.g., H4 (1-20), H4 (1-22) and H4 (15-

38) for labeling detection. As shown in Supplementary Figure S2.5, strong fluorescence was 

clearly seen within H4 (1-20) and H4 (1-22), but no detectable fluorescence was found for peptide 

H4 (15-38). This result was consistent with the fact that HAT1 acetylates H4 at K5 and K12 sites.67, 

95 These in-gel imaging data further support the bioorthogonal activities of HAT1-Y282A to the 

acyl-CoA reporters and demonstrate the feasibility and robustness to use HAT1-Y282A paired 

with acyl-CoA reporters to identify and image HAT1 cellular substrates. 

 

Figure 2.3 Streptavidin detection of HAT1-Y282A substrate histone H4. Recombinant histone 

H4 was incubated with HAT1-Y282A paired with 6HY-CoA, 3AZ-CoA or 4AZ-CoA 

respectively, followed by conjugation with alkyne-biotin with CuAAC reaction, and imaged by 

streptavidin-HRP. 

Identification of 3AZ-CoA as a cell-permeable bioorthogonal reporter 

Previously, some engineered KATs combined with bioorthogonal acyl-CoA reporters have 

been reported to identify KATs substrates from cell lysates.74 Lack of native cellular environment, 
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however, potentially compromises substrate labeling efficiency and accuracy. As such, having 

validated the activity of the HAT1-Y282A mutant towards acyl-CoA reporters on the known 

HAT1 substrate H4, we attempted to investigate potential cell-permeable acyl-CoA reporters that 

can be applied to profile HAT1 substrates in living cells. Short chain fatty acids are known to enter 

the mammalian cells and metabolically be transformed to their corresponding acyl-CoA which are 

utilized by endogenous KATs to install the functional groups to their protein substrates.87, 88 

However, the membrane-penetrating efficiency of short chain fatty acids is typically quite low.88 

Interestingly, a recent study shows that extracellular CoA can adjust intracellular CoA levels.110 

We thus conducted a comparative study of a panel of azide or alkyne-containing short chain fatty 

acids and acyl-CoA reporters to evaluate their cell membrane permeability and cellular protein 

labeling sensitivity (Table 2.1). 

Individual compounds were added to the culture medium of human embryonic kidney 

(HEK) 293T cells at 2.5 mM and incubated for 12 h. Cells were washed with PBS, harvested and 

lysed in M-PER buffer with sonication and subjected to CuAAC reaction to conjugate with alkyne-

biotin or azide-biotin. The proteins were resolved by SDS-PAGE, and labeled proteins were 

visualized with streptavidin-HRP (Figure 2.4A). To our surprise, among all the tested compounds, 

3AZ-CoA turned out to show the most intense protein labeling, and 4AZ-CoA had moderate 

labeling, while other acyl-CoA analogs and the SCFA compounds exhibited very low levels of 

protein labeling (Figure 2.4B). The poor protein labeling by SCFA coincides with the previous 

study.88 This result suggests the potential for 3AZ-CoA to serve as a cell-permeable bioorthogonal 

reporter for KAT substrate labeling. To validate cell permeability of 3AZ-CoA, we extracted acyl-

CoAs from the cell lysate and used LC-MS/MS to detect the intracellular 3AZ-CoA. Indeed, the 

signal of intracellular 3AZ-CoA was clearly detected in the cell sample treated with 3AZ-CoA 
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(Supplementary Figure S2.6). By contrast, we cannot detect any MS/MS signal of 3AZ-CoA 

formation from 3AZ-Na treatment. This result confirms the excellent cell permeability of 3AZ-

CoA to HEK293T cell. 

To gain further insight into the cellular protein labeling by 3AZ-CoA, a dose-dependent 

treatment of HEK293T cell with 3AZ-CoA was conducted. We clearly observed that protein 

labeling grew stronger when 3AZ-CoA concertation increased from 0, 1, 2.5, to 5 mM (Figure 

2.4C). This result again supports the excellent cell permeability of 3AZ-CoA as a bioorthogonal 

reporter for KATs. We also evaluated the cytotoxicity of 3AZ-CoA, and only a minor level of cell 

toxicity was seen at concentration of 2.5 mM (Supplementary Figure S2.7). Next, we sought to 

test the generality of 3AZ-CoA as a cell permeable reporter in different kinds of cell lines. HeLa 

cells, HCT 116 cells, and MEF cells were used to test the cellular protein labeling (Figure 2.4D). 

Interestingly, in all the tested cell lines, 2.5 mM 3AZ-CoA treatment induced much stronger 

protein labeling compared to either the negative controls (no treatment) or the 2.5 mM 3AZ-Na 

treatment. Clearly, the cell permeability of 3AZ-CoA is outstanding and versatile. Of note is that 

there appeared to be different patterns of protein labeling for each cell line, which suggests 

distinctive cellular acylations in different cells. Together, our data demonstrates the capability of 

3AZ-CoA to be a cell-permeable reporter for KAT substrate labeling. 

(A)
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(B) (C) (D) 

Figure 2.4 Evaluation of potential cell-permeable bioorthogonal reports for in vitro protein 

labeling. (A) Scheme for cellular analysis of cell permeability of bioorthogonal reporters. (B) 

Chemoproteomic cellular protein labeling by acetate analogs and acyl-CoA analogs in HEK293T 

cell. Cells were incubated with different analogs (2.5mM, 12 h), followed by CuAAC reaction. 

(C) Dose dependent labeling of HEK293T cell by 3AZ-CoA. Cells were incubated with 3AZ-CoA

as indicated concentration for 12 h. (D) Various cell lines labeling by 3AZ-CoA and 3AZ-Na. 

Different cells were incubated with 2.5mM 3AZ-CoA or 3AZ-Na for 12 h. 

Having successfully demonstrated 3AZ-CoA as a cell permeable acylation reporter, we 

then proceeded to test cellular imaging of protein labeling using the HeLa cell model. Herein, an 
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azide-sensitive turn-on fluorescence probe was chosen to induce live cell imaging, which was 

reported previously by us.82 In this method, the copper-free click reaction would allow conjugation 

between the azide moiety on the protein substrates and the alkynyl-O-NBD probe, which 

subsequently triggers the intramolecular nucleophilic substitution by free amines of neighboring 

lysine residues to turn on the fluorescence of the N-NBD group. Briefly, after incubating HeLa 

cells with 2.5 mM 3AZ-CoA for 12 h, the cells were washed by PBS and then incubated with 50 

μM alkynyl-O-NBD probe (PN-3) for another 2 h. The cells were rinsed to remove any excess 

reagents, and then subjected to fluorescence imaging on a Zeiss LSM 710 Confocal Microscope. 

As shown in Figure 2.5, a green fluorescence signal was detected with the treatment of 3AZ-CoA 

and the fluorescence probe PN-3. In contrast, incubation with 3AZ-CoA or PN-3 probe alone 

resulted in no detectable fluorescence. These exciting results were consistent with the in-gel 

streptavidin-HRP chemiluminescence imaging shown in Figure 2.4B, 2.4C, and 2.4D. These 

observations further corroborate that 3AZ-CoA can be applied as a cell-permeable bioorthogonal 

reporter to label intracellular proteins in living cells.  
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Figure 2.5 Confocal fluorescence images of HeLa cells with indicated concentration of 3AZ-

CoA and PN-3. (A) Control group. (B) Cells were only treated with 2.5mM 3AZ-CoA for 12 h 

without PN-3. (C) Cells were pretreated with 2.5mM 3AZ-CoA for 12 h and subsequently treated 

with 50μM PN-3 for 2 h. (D) Cells were only treated with 50μM PN-3 for 2 h. Fluorescence images 

were obtained with a Zeiss LSM 710 Confocal Microscope. Scale bar: 10 μm. 

Labeling of HAT1 substrates in living cells 

Encouraged by the biochemical and cellular data that showed the bioorthogonal histone H4 

labeling activity of HAT1-Y282A with 3AZ-CoA, and that 3AZ-CoA exhibited excellent cell 

membrane permeability, we then investigated if HAT1-Y282A matched with 3AZ-CoA could 

label HAT1 substrates under the native cellular environment. The working scheme is depicted in 
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Figure 2.6A: first, HEK293T cells were transiently transfected with full-length HAT1-Y282A 

plasmid in expression vector pReceiver-M11 (GeneCopoeia). After 36 h of incubation to allow the  

(A) 

(B)                                                                                                                  (C) 

 

Figure 2.6 Label HAT1 substrates under native cellular environment and subsequent protein 

enrichment. (A) Schematic description of labeling intracellular HAT1 substrates by enzyme 

overexpression, bioorthogonal reporter treatment, click reaction and affinity enrichment. (B) 
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Streptavidin detection of HAT1 cellular substrates in HEK293T cells with HAT1-Y282A 

overexpression and cell-permeable bioorthogonal reporter 3AZ-CoA treatment followed by 

reaction with alkyne-biotin. (C) Enrichment of biotinylated protein by streptavidin beads followed 

by Na2S2O4 cleavage. The protein eluents were resolved on SDS-PAGE and imaged by silver 

staining. 

cells to express the mutant HAT1, the cells were treated with 2.5 mM 3AZ-CoA and grew for 

another 12 h. The cells were then lysed and the cell lysate was extracted to conjugate with alkyne-

biotin by the CuAAC reaction. Next, the biotinylated proteins were visualized by streptavidin-

HRP (Figure 2.6B). No labeling was seen from the control cells which had no reporter treatment. 

Importantly, compared with 3AZ-CoA treatment alone, multiple darker bands showed up when 

3AZ-CoA treatment was combined with HAT1-Y282A overexpression. This indicates that the 

HAT1-Y282A catalyzed the enzymatic reaction to transfer the 3-azidopropanoyl group from 3AZ-

CoA to its corresponding protein substrates under native cellular environment. This prompted us 

to enrich the labeled proteins from the cell lysate mixture to identify HAT1 substrates. For this 

purpose, a cleavable alkyne-diazo-biotin probe was used to conduct the CuAAC reaction, 

connecting labeled proteins to the biotin handle. After the pull-down experiment on streptavidin-

coated beads, the enriched proteins were eluted with sodium dithionite, resolved on SDS-PAGE 

and imaged by silver staining (Figure 2.6C). As expected, much more proteins were enriched from 

cells with the HAT1-Y282A overexpression and 3AZ-CoA co-treatment, while 3AZ-CoA 

treatment alone led to less enriched proteins. This demonstrates that our strategy of engineering 

HAT1 paired with its cell-permeable bioorthogonal reporter is highly effective for substrate 

labeling and identification from native cellular environment. 
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Proteomic profiling of HAT1 substrates by SILAC-MS/MS and functional annotation 

To discover HAT1 substrates in their native cellular environment, we adopted a 

quantitative chemoproteomic strategy by using stable isotope labeling of amino acids in cell 

culture (SILAC) in combination with high-resolution mass spectrometry. The workflow is 

illustrated in Figure 2.7A. HEK293T cells were cultured in “light” (medium containing natural 

arginine and lysine) and “heavy” (medium containing 13C, 15N-substituted arginine and lysine) 

medium separately. In the “light” medium, the cells were transfected with full-length HAT1-

Y282A plasmid, whereas in the “heavy” medium, the cells were incubated with the empty-vector 

as a negative control. After 36 h of incubation, both cells were treated with 2.5 mM 3AZ-CoA and 

incubated for another 12 h. Next, the cells were lysed and the cell lysates were pooled together. 

The proteins were captured by aforementioned CuAAC reaction and streptavidin pulldown. After 

trypsin digestion of the enriched proteins, the collected peptides were analyzed by liquid 

chromatography with tandem mass spectrometry (LC-MS/MS). To ensure the reliability of the 

results, two biological replicate experiments were performed. Proteins were considered as HAT1 

substrates following the ratio light/heavy > 2. Among the total identified 1391 protein targets 

(Supplementary Table S2.2), 123 proteins (Supplementary Table S2.3) were meeting the 

threshold requirement. Histone H4 was identified among the labeled proteins, which is consistent 

with our knowledge that HAT1 can acetylate histone H4 at lysine residues 5 and 12.67, 95 Recent 

study has found that HAT1 is capable to acetylate histone H2A at lysine 5, and in our protein list 

of HAT1 substrates, the histone H2A was also highly enriched.96 These identified proteins were 

also compared with a previously published work that revealed HAT1-dependent protein targets. 

Garcia et al. identified 65 proteins from embryonic fibroblast cells by HAT1 knockout and used 

antibody-based enrichment to capture the acetylated proteins that are dependent on HAT1.99 Of 
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note, 12 of the 65 proteins were found exactly the same or belonging to the same family in our 

work including H4, H2A, H2B, TPR, PPP2R2A, HSD17B, HMG, HSP, DDX, ATP6V, hnRNP 

and NCL (Figure 2.7B). Importantly, we identified 111 new distinct protein substrates. This could 

be owing to differences in cell line type and higher sensitivity of our method.  

 

   

 

   

 

   

Figure 2.7 Identification and functional annotation of HAT1 substrates. (A) Schematic 

illustration of the SILAC proteomics study to identify HAT1 substrates. (B) Identified HAT1 

substrates were compared with previous identified HAT1-dependent protein targets. (C) 
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Representative biological processes annotation for HAT1 substrates. (D) HAT1 substrates show 

different binding activities. (E) Venn diagram shows cellular compartment distribution of HAT1 

substrates. 

 

To confirm the HAT1 substrates identified in our proteomic results, we chose two 

undefined HAT1 substrates for further validation through immunoprecipitation and western 

blotting: Human high mobility group box 2 (HMGB2) and human serine/arginine-rich splicing 

factor 1 (SRSF1). Each plasmid (Myc-DDK-HMGB2, Myc-DDK-SRSF1) was transiently 

transfected to HEK293T cells and overexpressed with or without HAT1 overexpression. The DDK 

tagged proteins were immunoprecipitated on Protein G PLUS-agarose resin, and the acetylation 

levels of the proteins were detected with Western blot using pan anti-acetyllysine antibody. As 

shown in Supplementary Figure S2.8, the acetylation signals in both HMGB2 and SRSF1 

proteins increased with the presence of HAT1 overexpression, which validates that HAT1 

acetylates these two proteins in cells. 

The broad-spectrum profiling of HAT1 substrates prompted us to examine its biological 

involvement and annotate the physiological functions. To this end, the 123 HAT1 substrates were 

subject to bioinformatics analysis using the DAVID web tool.111 The gene ontology analysis of 

the HAT1 substrates shows that HAT1 is involved in a plethora of cellular pathways including 

transcription, translation, RNA splicing, RNA processing, protein folding, oxidation-reduction 

process, mitochondrial regulation, etc (Figure 2.7C). It is not surprising that canonical cellular 

functions of KATs such as translation initiation, RNA processing and transcriptional regulation 

were found in the functional annotation. For example, EIF5B and EIF2S1 play important roles in 

translation initiation112, and acetylation of these proteins may alter their activities. Of note, RNA 
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splicing and RNA processing are among of the prominent cellular functions of identified HAT1 

substrates.  

Through interacting with their binding partners, proteins can carry out their specific 

functions. We thus analyzed the interaction network of the identified HAT1 substrates (Figure 

2.7D). Consistent with the pathway analysis in Figure 2.7C, a large majority of the identified 

HAT1 substrates are binding with proteins, or RNA with 96 and 64 protein substrates, respectively. 

Interestingly, we found that 18 of the HAT1 substrates are binding with ATP such as ATP2A2 and 

DDX, suggesting that HAT1 might play a role in energy metabolism to drive intracellular 

biochemical reactions. Ubiquitin is an important small regulatory protein, which can trigger 

protein degradation, DNA repair, apoptosis, and signal transduction.113 Alteration of protein 

ubiquitylation often leads to severe pathological conditions.114 Importantly, we found that 6 of the 

HAT1 substrates including CUL1, HSPA5, HSPA9, HSPD1, SCAMP3 and UBE2O binding with 

ubiquitin protein ligase enzyme, suggesting the involvement of HAT1 in protein ubiquitination. 

We also found 4 HAT1 substrates binding with protein kinase C, e.g., C1QBP, DSP, GLRX3 and 

PRKCSH. RPKCSH is a known substrate for protein kinase C, which is associated with polycystic 

liver disease.115 The finding of RPKCSH as a HAT1 substrate may provide another possible 

mechanism for regulatory of liver disease.  

We also performed a cellular localization analysis of the HAT1 substrates (Figure 2.7E). 

We found that 49 of the HAT1 substrates are localized in the nucleus, 39 are in cytosol and 27 are 

distributed in mitochondrion with some of them overlapping. Therefore, functions of HAT1 clearly 

go beyond nuclear cellular processing. Overall, these functional annotations suggest that HAT1 

substrates have a wide distribution for cellular regulation, which further demonstrates that HAT1 
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is not only involved in histone modification and chromatin regulation but also many other 

important cellular biological functions. 

Coenzyme A and acyl-CoA are generally considered of lacking cell-permeability and 

eukaryotic cells obtain CoA from their extracellular precursors such as vitamin B5.116 After the 

uptake of vitamin B5, the molecule will be metabolized and converted into CoA via an 

evolutionarily conserved five-step enzymatic reaction.117 Nevertheless, Srinivasan et al. 

demonstrated that exogenous CoA could also serve as a source for mammalian cells or organisms 

to adjust intracellular CoA levels: one possible mechanism is that CoA could be hydrolyzed into a 

more stable molecule, 4’-phosphopantetheine extracellularly near the cell membrane, which then 

penetrates cell membrane by passive diffusion. Once entering the cell, 4’-phosphopantetheine is 

enzymatically converted to CoA by CoA synthases.110 Later, the same group further demonstrated 

that acetylated 4’-phosphopantetheine is also stable and possesses cell permeability to serve as a 

source for intracellular Ac-CoA level.118 These findings provide an important understanding for 

CoA compounds entering the cell and may suggest a possible pathway for 3AZ-CoA and 4AZ-

CoA entering the cell, which subsequently label cellular protein substrates of HATs 

(Supplementary Figure S2.9). However, mechanism studies will be needed to investigate the 

details how the two acyl-CoA reporters get into cells. In principle, experiments would be required 

to determine whether these reporters can be hydrolyzed in the cell culture medium and enter the 

cells by passive diffusion or whether there is any specific transporter to facilitate their entry across 

the cell membrane. Compared to the alkyne acyl-CoA, 3AZ-CoA and 4AZ-CoA showed a better 

labeling efficiency (Figure 2.4B). The reason for this distinction in cellular protein labeling is still 

elusive at this stage and warrant mechanistic investigation.  
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We have identified more than one hundred protein substrates of HAT1 by combining 

bioorthogonal labeling and SILAC proteomics, with 12 being previously known and 111 first-time 

disclosed. We also validated two novel substrates of HAT1: HMGB2 and SRSF1 with transfection 

experiments. These findings greatly broaden the scope of the biological function of HAT1 which 

is far beyond histone modification and chromatin regulation. The separated binding sites in HAT1 

for Ac-CoA and peptide substrates107 ensure that a mutation in the Ac-CoA binding pocket of 

HAT1 has low possibility to change the binding specificity of protein substrates. From our 

previous work, some wild type HATs such as p300 can also utilize 3AZ-CoA to transfer the azido 

group to its protein substrates.74, 75 Therefore, some of the labeled proteins appearing in the absence 

of HAT1-Y282A overexpression may be substrates of other HATs. Future research is needed to 

characterize detailed acetylation sites in the found HAT1 substrates and study their biochemical 

outcome in protein function regulation. 

2.3 Conclusion 

In summary, we have established a bioorthogonal proteomic methodology to quickly and 

reliably detect protein substrates of an individual KAT in living cells. We generated HAT1 mutants 

(e.g. HAT1-Y282A) through rational engineering that can accommodate clickable acyl-CoA 

reporters for substrate labeling. Meanwhile, we identified 3AZ-CoA to be a cell permeable 

bioorthogonal reporter for protein acylation. Piecing the KAT―acyl-CoA bioorthogonal labeling 

pair together with SILAC proteomics, we successfully profiled more than one hundred substrates 

of HAT1 in the native cellular environment. This finding that HAT1 targets numerous non-histone 

cellular protein substrates greatly broadens the scope of biological modalities regulated by HAT1 

which is far beyond the chromatin realm. The bioorthogonal chemoproteomic strategy 
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demonstrated here would be complementary and advantageous for the detection and profiling of 

cellular protein substrates of other KAT members in the native biological contexts. 

2.4 Methods and materials 

Reagents 

Unless otherwise noted, all chemical reagents were purchased from Sigma–Aldrich and 

used without further purification. Fmoc-protected amino acids and preloaded Wang resin were 

purchased from NovaBiochem. Recombinant Histone H4 protein was purchased from New 

England Biolabs. E. coli strains BL21-CodonPlus (DE3)-RIL were obtained from Stratagene. 

Protein dual color standards and precast protein gels (4%–20%) were purchased from Bio-Rad 

Laboratories. Thiol-reactive fluorescence dye 7-Diethylamino-3-(4'-Maleimidylphenyl)-4-

Methylcoumarin (CPM) were purchased from Invitrogen. Click chemistry reagents alkyne biotin 

(catalog# TA105), azide biotin (catalog# AZ104) and alkyne diazo biotin (catalog# 1042) were 

purchased from Click Chemistry Tools. High sensitivity streptavidin-HRP was purchased from 

Thermo Fisher Scientific (catalog# 21130). High-capacity streptavidin agarose was purchased 

from Thermo Fisher Scientific (catalog# 20359).  HEK293T, Hela and HCT 116 cells were 

purchased from American Type Culture Collection (ATCC). MEF cell was a gift from Dr. Mark 

Parthun’s lab. The anti-HAT1 antibody (catalog# 11432) was purchased from Proteintech. The 

anti-rabbit-HRP linked antibody (catalog# 7074) was purchased from Cell Signaling.  

Mutation of HAT1 DNA and protein expression and purification.  

The wild type pET28a-HAT1(20-341) plasmid was obtained from Addgene (plasmid# 

25239). The wild type DNA plasmid was used as a template to mutate all the selected sites. HAT1 

mutants were produced by first designing forward and reverse primers containing the desired 

single point mutation. The forward and reverse primers used to generate the single point mutants 
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are listed in Supplementary Table S1. Next, by using the QuikChange procedure (Stratagene), the 

target site-directed mutation was introduced into the HAT1 plasmid. Once all of the ingredients 

were added, the sample was preheated at 95°C for 5 min, then the polymerase chain reaction (PCR) 

method was followed: First, the temperature increased to 95°C for 1 min for the denaturation of 

the double stranded plasmid. Next, the annealing of the primers occurred when the temperature 

decreased to 55°C for 1 min. Finally, the extension occurred when the temperature was at 68°C 

for 16.5 min. The cycle repeated 17 times, and then the template DNA was digested with Dpn I 

restriction enzyme. Transformation was then carried out using the PCR product and E. coli XL1-

Blue competent cells. The next day, colonies were selected and grown at 37°C overnight in LB 

media supplemented with kanamycin (0.125 mg/mL). Plasmids were purified using the Promega 

Wizard plus Miniprep system. DNA sequencing confirmed all intended mutations occurred as 

desired.  

The expression and purification of HAT 1 (20-341) and HAT1 mutants were done 

following the method described by Hong Wu et al. 107 Briefly, the proteins were expressed in 

Escherichia coli and purified using the Ni-NTA resin. Transformation was done in E. coli BL21-

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

spread on agar plates containing antibiotics kanamycin and chloramphenicol. Protein expression 

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

for 16 h at 16°C. The cells were collected and suspended in the lysis buffer (50 mM Na-phosphate 

(pH 7.4), 250 mM NaCl, 5 mM imidazole, 5% glycerol, 2 mM β-mercaptoethanol, and 1 mM 

phenylmethanesulfonyl fluoride (PMSF)) and then disrupted using the Microfluidics cell 

disruptor. The supernatant was passed through a column containing Ni-NTA resin equilibrated 

with column washing buffer (20 mM HEPES pH 8, 250 mM NaCl, 5% glycerol, 30 mM imidazole, 
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1 mM PMSF) and the resin was washed with column washing buffer. Next, the resin was washed 

with the buffer containing a higher concentration of imidazole (20 mM HEPES pH 8, 250 mM 

NaCl, 5% glycerol, 50 mM imidazole, 1 mM PMSF). Lastly, HAT 1 was eluted with elution buffer 

(20 mM HEPES pH 8, 250 mM NaCl, 5% glycerol, 500 mM imidazole, 1 mM PMSF). The eluent 

fractions were further checked by SDS-PAGE, and the enzyme concentrations were determined 

by Bradford assay. Enzymes were aliquoted and stored at -80°C for future use. 

Fluorogenic CPM assay to screen HAT1 mutant activity.  

The acylation activity of HAT1 and HAT1 mutants was analyzed using the CPM assay. To 

screen the various HAT1 mutants against the acyl-CoA analogs, reactions contained 0.04 µM 

enzyme, H4(1-20) peptide (40 µM), and acyl-CoA analogs (20 µM). Samples were incubated for 

1h at 30°C. Evaluation of HAT1-Y282A kinetics was also done using the CPM assay with 

reactions carried out at 30°C for 15 min and sample conditions were as follows: 0.04 µM enzyme, 

H4(1-20) peptide (200 µM), and acyl-CoA analogs (0-200 µM). All reactions were quenched by 

the addition of excessive amount of 7-Diethylamino-3-(4'-Maleimidylphenyl)-4-Methylcoumarin 

(CPM) dissolved in DMSO then incubated in total darkness for 20 min at room temperature. For 

the kinetics assay, 203 µM (final) of CPM was used when acyl-CoA analogs concentrations varied 

from 0-200 µM. When the acyl-CoA analogs concentration was fixed at 20 µM, 30 µM (final) of 

CPM was used. Fluorescence was measured at an excitation and emission wavelength of 392 nm 

and 482 nm, respectively. 

Normal and SILAC HEK293T cell culture.  

For normal HEK293T cell culture, cells were cultured in Dulbecco modified Eagle medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS, Life Technologies) and 1% penicillin-

streptomycin (15140122, Thermo Fisher Scientific). For SILAC HEK293T cell culture, cells were 
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cultured in DMEM (arginine and lysine free, Life Technologies) supplemented with 10% dialyzed 

FBS (Life Technologies), 1% penicillin-streptomycin containing either 22 mg/L and 55 mg/L non-

labeled arginine and lysine or 22 mg/L 13C615N4-arginine and 68 mg/L 13C615N2-lysine (Cambridge 

Isotope Laboratories). The SILAC cells were cultured for at least 8 passages before any 

experiments. All the cells were maintained at 37 ℃ with 5% CO2. 

Transient transfection of HAT1-Y282A and bioorthogonal reporter treatment for HAT1 

substrates labeling.  

Full-length HAT1-Y282A-encoding sequence was inserted into the M11 vector to generate 

HAT1-Y282A overexpression plasmid for mammalian cell. HEK293T cells were cultured to reach 

around 60% confluence stage, and transient transfection of the plasmid HAT1 Y282A was 

conducted by Lipofectamine 3000 (ThermoFisher SCIENTIFIC, Product #L3000008) according 

to the manufacture’s protocol followed by 36 h of incubation. Next, cells were treated with 2.5mM 

3AZ-CoA to induce the protein labeling. After another 12 h of incubation, the cells were washed 

by ice-cold PBS and harvested and lysed by ice-cold M-PER buffer containing 1% protease 

inhibitor cocktail. The protein was then collected and the protein concentration was determined as 

described above. The protein solution was used for further click reaction and streptavidin 

detection. 

Protein labeling by CuAAC reaction and streptavidin detection.  

30 μg cell lysate protein mixture was mixed with click cocktail containing 50 μM alkyne-

biotin or diazo biotin alkyne, 2.5mM sodium ascorbate, 0.5 mM copper sulfate and 0.25 mM ligand 

BTTAA. After incubation at room temperature for 1 h, 1 x loading dye was added and boiled for 

5 minutes. The samples were then resolved on 4-20% SDS-PAGE gradient gel. The separated 

proteins were transferred to nitrocellulose membrane and blocked with 5% non-fat milk for 1 h. 
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The membrane was incubated with streptavidin-HRP for another 1 h and scanned by 

chemiluminescence scanner. 

Streptavidin affinity enrichment and sample preparation for mass spectrometry.  

600 μg cell lysate was incubated with click cocktail as described above to conduct 

biotinylation of target protein. Excess diazo biotin alkyne was removed by spin dialysis. High-

capacity streptavidin agarose was first equilibrated by PBS and then incubated with sample for 1 

h with gentle agitation. Next, the resins were collected by centrifugation at 5000g for 5 minutes 

and washed with PBS supplemented with 0.2% (w/v) SDS, PBS supplemented with 0.1% (w/v) of 

SDS and 6M urea and 50 mM of NH4HCO3 supplemented with 0.1% of SDS. Then, the resins 

were incubated with 30 mM of Na2S2O4 in 50 mM NH4HCO3 for 1 h to elute the protein off the 

beads. The mixture was then centrifuged at 5000g for 5 minutes and the supernatant was collected 

and dried by SpeedVac for further analysis. The dried protein sample was dissolved in 30 μL water 

followed by incubation with 20 mM DTT at 75 ℃ for 15 minutes and 200 mM of iodoacetamide 

at room temperature for 20 minutes. 

Synthesis of acyl-CoA analogs and PN-3 

3-azidopropionyl CoA (3AZ-CoA), 4-azidobutanoyl CoA (4AZ-CoA), 4-pentynoyl CoA

(4PY-CoA), 5-hexynoyl CoA (5HY-CoA) and 6-heptynoyl CoA (6HY-CoA) were synthesized 

as previously described by CoA-SH reacting with carboxylic anhydride.75 PN-3 was synthesized 

as described by previous work.82  

Synthesis of N-terminal H4 peptide H4 (1-20), H4 (1-22) and H4 (15-38) 

The standard solid peptide synthesis (SPPS) was used for synthesis of H4 peptides 

including H4 (1-20), H4 (1-22) and H4 (15-38), which was purified by C-18 RP-HPLC and 

confirmed by MALDI-MS. Specifically, The Fmoc-Lysine(Boc) preloaded Wang resin was used 
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at a 0.1 mmol scale, and 0.4 mmol of each amino acid was weighed out. Individual amino acids 

were coupled using activation reagent HCTU [O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate]. The peptide was cleaved off the resin using 95% 

trifluoroacetic acid (TFA), 2.5% H2O, and 2.5% triisopropylsilane (TIS) for 4 h.  The sequence of 

the peptide H4 (1-20) is Ac-SGRGKGGKGLGKGGAKRHRK.  The sequence of the peptide H4 

(1-22) is Ac-SGRGKGGKGLGKGGAKRHRKVL. The sequence of the peptide H4 (15-38) is Ac-

AKRHRKVLRDNIQGITKPAIRRLA. The peptide of H4 (1-20) was used for mass spectrum 

analysis of HAT1 and mutant HAT1 activity, peptides labeling as well as fluorogenic CPM assay. 

The peptides of H4 (1-22) and H4 (15-38) were used for peptide labeling assay. 

Mass spectrometric analysis of modified Histone H4 peptide 

The same conditions used to screen the acyl-CoA analogs were used to prepare the samples 

for MALDI. Briefly, 40 µM of H4(1-20) peptide was added to 20 µM of the acyl CoA analog and 

incubated for 5min at 30°C. Next, 40 nM of enzyme was added, and the reaction incubated again 

for 1 h at 30°C. The reaction was quenched by the addition of 10% TFA (final) (trifluoroacetic 

acid) and the samples were submitted for MALDI.  

Histone H4 protein labeling by CuAAC reaction and streptavidin detection. 

In the presence of 2 μM HAT1-Y282A, 1.5 μg histone H4 protein was reacted with 20μ

M 6HY-CoA, 3AZ-CoA and 4AZ-CoA, respectively. Reactions in samples 1-3 contained 2 µM 

HAT1-Y282A with 1.5 µg histone H4 and 20 µM of 6HY-CoA, 3AZ-CoA, or 4AZ-CoA 

respectively. Samples in lane 4-6 contained the same components except HAT1-Y282A was not 

added. All reactions were carried out at 30°C for 1h before click cocktail was added to quench the 

reaction. For samples containing 6HY-CoA, the click cocktail used included: 50 µM azide-biotin, 

2.5 mM sodium ascorbate, 0.25 mM BTTAA (2-(4-((bis((1-(tert-butyl)-1H-1,2,3-triazol-4-
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yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid),  and 0.5 mM copper sulfate. When 

the cofactor 3AZ-CoA, or 4AZ-CoA was in the reaction the same click cocktail was used except 

50 µM alkyne-biotin was used in place of the 50 µM azide-biotin. Post running the samples on an 

SDS-PAGE, the bands were transferred to a membrane and bands containing a biotin moiety were 

detected using Streptavidin-Horseradish Peroxidase (HRP) Conjugate. 

Bioorthogonal reporter treatment and extraction of cellular protein for cell permeability 

test. 

HEK293T cells were plated and cultured to adhere overnight. Acetate analogs were 

prepared as sodium salt and the pH of acyl-CoA analogs were adjusted to neutral followed by 

directly adding the stock solution to DMEM to achieve indicated concentration with gentle 

agitation and incubation for 12 h. Cells were then scrapped and harvested by washing with ice-

cold PBS for 3 times. Cells were collected by centrifugation (5000 rpm x 5 min, 4 ℃) 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, to release the whole cellular 

protein, cells were sonicated with 30% amplitude. The cellular proteins were collected by 

centrifugation for 20 minutes (13200 rpm x 20 min, 4 ℃). The protein concentration was 

determined by Bradford assay.  

Cell toxicity assay 

The cytotoxicity of 3AZ-CoA was evaluated by resazurin assay. HEK293T cells were 

incubated in 96-well plate at a density of 6000 cells per well. Cells were maintained in DMEM 

medium as described above. Next, cells were treated with dose dependent 3AZ-CoA, and 

incubated for another 12 h. The resazurin was then added in the medium at a concentration of 44 
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mM and cultured for 4 h. Cell viability was then determined by measuring fluorescence emission 

at 590 nm. Fluorescence intensities from the wells without cells were used as blanks (Flblank). 

Fluorescence intensities from the cells without treatment were used as 100% cell viability (Flcontrol). 

All the measurements were performed for three times and the cell viability was determined as 

follows:  

Cell viability (%) = 100 x !"!"#$%&	$	!"'%"()
!"*+(,-+%	$	!"'%"()

 

Western blotting analysis 

The HAT1 Y282A level was detected by anti-HAT1 antibody. The protein mixture was 

subjected to SDS-PAGE and transferred to nitrocellulose membrane followed by blocking with 

5% non-fat milk for 1 h. Next, the membrane was incubated with the primary anti-HAT1 antibody 

at 4 ℃ overnight. After washing with TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 

20) for 3 times (5 minutes for each), the membrane was incubated with secondary antibody at room 

temperature for 1 h. The membrane was then washed three times (5 minutes for each) with TBST 

and developed by enhanced chemiluminescence detection system according to the manufacturer’s 

protocols and scanned by chemiluminescence scanner.  

Fluorescence imaging with confocal laser scanning microscopy. 

 Hela cells were cultured in DMEM medium supplemented with 10% fetal bovine serum 

and 1% penicillin-streptomycin and maintained at 37 ℃. The cells were treated with 2.5mM 3AZ-

CoA and incubated for 12 h. Then the medium was removed and the cells were washed with PBS 

for three times. Next, fresh medium was added along with 50μM PN-3 (ex/em = 485/535 nm) and 

the cells were incubated for another 2 h. Hoechst 33258 (ex/em = 350/450 nm) was then added 

and the cells were incubated for 0.5 h. After washing the cells for three times with PBS, the cells 
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were fixed with 4% paraformaldehyde. The cells were then imaged with a Zeiss LSM 710 Confocal 

Microscope.  

Immunoprecipitation and acetylation detection of HMGB2 and SRSF1  

 HEK293T cells were cultured to reach around 70% confluence stage, and transient co-

transfection of the plasmid HAT1 (Genecopoeia, EX-I0105-M11) and Myc-DDK-HMGB2 

(Origene, cat# RC200750) or HAT1 and Myc-DDK-SRSF1 (Origene, cat# RC201636) were 

conducted by Lipofectamine 3000 (ThermoFisher SCIENTIFIC, Product# L3000008) according 

to the manufacture’s protocol followed by 48 h of incubation. The cells were then harvested and 

lysed by ice-cold M-PER buffer containing 1% protease inhibitor cocktail. The proteins were then 

collected and the protein concentration was determined as described above. The HAT1 expression 

level was detected using anti-HAT1 antibody. 100 μg proteins were subjected to 

immunoprecipitation for HMGB2 and SRSF1 enrichment by Protein G Plus-agarose (Santa Cruz 

Biotechnology, Product# sc-2002) following the standard protocol. The expression levels of 

HMGB2 and SRSF1 were detected by anti-DDK monoclonal antibody (Origene, cat# TA50011-

100). The acetylation level of the enriched proteins was detected by pan anti-acetyllysine antibody 

(PTM BioLabs, PTM-105).  

CoA extraction and mass spectrometry characterization of 3AZ-CoA formation in cell. 

The cellular acyl-CoA was extracted using previously described method.119 Briefly, the 

cell culture media was aspirated off after incubation with bioorthogonal reporters for 6 h. The dish 

was washed by ice-cold PBS, placed on dry ice and 1 mL of extraction buffer (80% 

methonal/water, v/v) was added and left in -80 ℃ for 15 minutes. Next, the cells were scraped and 

isolated by centrifugation (13200 rmp x 15 min, 4 ℃). The supernatant was dried down by Speed 

Vac and stored in -80 ℃ for further HPLC-MS analysis. 
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 The solvent was taken linearly from 100% B (5mM NH4OAc in 95% Acetonitrile and 5% 

water) to 10% B in 90% A (5 mM NH4OAc in water) in 3 minutes and held at 10% B for 12 

minutes, at which time 5 ul of the sample was injected onto the column. The gradient was linearly 

ramped to 100% B over 25 minutes and held at 100% B for 10 minutes. The flow rate was 50 

ul/min. The column used is a Keystone Scientific, Inc (Now ThermoScientific) Deltabond Octyl. 

1 x 250 mm, 5 um particle size and 300 A pore size. Mass analysis was performed using positive 

electrospray on Micromass (Waters) Q-TOF Micro. The capilary was set to 3,500 V and the cone 

voltage at 45 V. The instrument performed the survey scan from 200-900 m/z at 2 sec per scan. 

The scan range for MS/MS was 100-900 m/z at 2.5 sec. Per scan and a collision energy of 25 V. 

The mass resolution was 4800 on peak 865 m/z at half peak width. 

Proteomic data processing and statistical analysis.  

Quantitative analysis of the SILAC experiments was performed simultaneously to protein 

identification using Proteome Discoverer 2.5 software. Before mixing light and heavy samples, 

heavy samples were checked for Heavy labelling efficiency (>95% median efficiency). The 

precursor and fragment ion mass tolerances were set to 10 ppm, 0.02 Da, respectively. Enzyme 

was Trypsin with a maximum of 2 missed cleavages and Uniprot Human proteome FASTA file 

was used in SEQUEST searches. The following settings were used to search the data; dynamic 

modifications; Oxidation / +15.995Da (M), Deamidated / +0.984 Da (N, Q), 13C(6)15N(2) / 

+8.014 Da (K), 13C(6)15N(4) / +10.008 Da (R) and static modification Carbamidomethyl +57.021 

(C).  Scaffold Q+ (version Scaffold_5.0.0, Proteome Software Inc., Portland, OR) was used to 

quantitate peptide and protein identifications. Peptide identifications were accepted if they could 

be established at greater than 64.0% probability to achieve an FDR less than 1.0% by the Percolator 

posterior error probability calculation (Käll, L et al, Bioinformatics, 24(16): i42-i48, Aug 2008). 
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Protein identifications were accepted if they could be established at greater than 5.0% probability 

to achieve an FDR less than 1.0% and contained at least 2 identified peptides.  Protein probabilities 

were assigned by the Protein Prophet algorithm (Nesvizhskii, Al et al Anal. Chem. 

2003;75(17):4646-58). Proteins that contained similar peptides and could not be differentiated 

based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. 
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CHAPTER 3 

CHEMOPROTEOMIC PROFILING OF PROTEIN LYSINE METHACRYLYLATION WITH 

A CHEMICAL PROBE 

Song, J.; Yin, K.; Bae, A; Wu, R.; Zheng, Y. G. To be submitted to J. Am. Chem. Soc 
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Abstract 

Lysine methacrylylation is a recent identified histone modification and is an isomer of 

crotonylation. Biological and physiological influence of crotonylation have been investigated in 

global cellular proteomes extensively, which shows its great potential as a therapeutic target. As a 

structural isomer of crotonylation, methacrylylation also possesses, even stronger, an electrophilic 

chemical group, which may bring its unique biological activities. However, as a new PTM mark, 

the substrates specificity in the cellular proteome are still unknown. The biological difference of 

methacrylylation versus crotonylation is also unclear. Therefore, to fill this knowledge gap, we 

developed a phosphine based selective chemical probe for quantitative chemoproteomic profiling 

of lysine methacrylylation. We first demonstrated the probe selectivity targeted to lysine 

methacrylylation but not crotonylation. We then applied our probe to various cellular models to 

show the broad involvement of lysine methacrylylation in diverse cellular proteins. Furthermore, 

we found histone acetyltransferase 1 (HAT1) could promote lysine methacrylylation in cellular 

proteins beyond histones. Since valine is the intracellular source of methacrylyl-CoA (MC-CoA) 

for protein methacrylylation, we compared the valine and sodium methacrylate induced protein 

methacrylylation and found the distinct cellular functional regulation for the two metabolites. 

Importantly, with quantitative proteomic analysis, we successfully disclosed 256 valine-dependent 

substrates and 254 sodium methacrylate dependent substrates and 1002 HAT1 dependent 

substrates for lysine methacrylylation in eukaryotes. Our selective chemical probe for lysine 

methacrylylation is therefore providing a versatile tool for investigation of this newly discovered 

PTM mark. 



59 

3.1 Introduction 

Protein post translational modifications (PTMs) are emerging mechanisms for cell 

biological regulation. Owing to the advances of high-sensitivity mass spectrometry, hundreds of 

different PTMs have been identified, including phosphorylation, glycosylation, methylation and 

acylation.120 Among of them, a group of short chain lysine acylations such as propionylation, 

butyrylation, isobutyrylation and crotonylation have been investigated and mounting evidence 

show that these modifications are functionally different from the widely distributed lysine 

acetylation.45, 102, 121 These modifications were initially discovered on histones and dynamically 

modulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs) to act as 

positive regulators for gene transcription.45, 51, 122 Later, the study of these modifications was spread 

to non-histone proteins and a large number of acylated non-histone proteins were identified and 

characterized, which are associated with numerous biological events such as translational 

initiation, RNA processing, chromatin remodeling and mitochondria regulation.54, 88, 123 Recently, 

lysine methacrylylation (Kmea) was reported as a histone modification and dynamically regulated 

by HAT1 and SIRT2.43 To date, the modification was only found on histone proteins. However, 

considering the intracellular source of lysine methacrylylation, MC-CoA, which is from 

mitochondrial catabolism of valine, and that HAT1 plays an important role in regulation of 

mitochondrial proteins, we speculate that Kmea exist in cellular proteome beyond histone 

proteins.99, 123, 124 Therefore, globally revealing the Kmea in cellular proteins will contribute to the 

elucidation of the important cellular functions of this under-investigated PTM. 

As a structure isomer of Kmea, lysine crotonylation (Kcr) was discovered earlier on histone 

proteins as well as thousands of other cellular proteins and has been well-characterized in previous 

studies.122, 125 Distinct from other short chain acylations, Kcr has drawn a large attention due to its 
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unique property of α, β unsaturated acyl group contributing to its planar orientation. The C=C bond 

of crotonyl group on histone has been demonstrated to mediate binding with the “reader” proteins 

such as YEATS domain containing proteins through a π-π-π stacking, which enhances its binding 

affinity.126, 127 Emerging evidence suggest that cellular crotonylome participate in multiple cellular 

functions. For example, crotonylation of HDAC1 is able to decrease its deacetylase activity on 

histone substrates.54 The interaction between replicative protein A1 (RPA1) and ssDNA can be 

promoted through Kcr of RPA1, which can regulate DNA repair.128 Similar to Kcr, Kmea was also 

found on all histone proteins including H1, H2A, H2B, H3 and H4 with some sites overlapping 

for these two modifications.43 Additionally, methacrylate group also possesses a double bond, 

leading to its electrophilicity to conjugate with suitable nucleophiles. Although the Kmea has been 

described on histones in current stage, the question of whether methacrylylation, like 

crotonylation, can also be expanded on non-histone proteins and what are the functional 

differences of methacrylylation versus crotonylation in biological regulation remains a mystery.  

Traditionally, antibody-based immunoprecipitation was applied to study the acylated 

cellular proteins, but the issues such as promiscuous cross-reactivity and batch-caused disparities 

are still big challenges for protein substrates enrichment and identification.129 For example, Jiang 

et al. showed that anti lysine benzoylation (Kbz) antibody could also recognize lysine 

picolinylation, lysine nicotinylation, and lysine isonicotinylation.130 Our group demonstrated that 

anti lysine butyrylation antibody is also not specific and could recognize its isomer, lysine 

isobutyrylation.45 Additionally, previous work showed that with the treatment of crotonate in Hela 

cell, the signal of  histone protein could be increased with the detection of anti-methacrylylation 

antibody43 and our data showed that with the treatment of methacrylate, the signal of histone 

protein could also be promoted with detection by anti-crotonylation antibody (Figure 3.2B). These 
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data showed that the antibody-based immunoprecipitation has a great specificity issue, especially 

for the protein modification with the similar structure, which would make them hard to 

differentiate. Hence, there is a great demand to develop new strategies to specifically profile the 

Kmea.  

Taking advantage of the bioorthogonal chemistry92, 131 and the different electrophilicity of 

the crotonylate and methacrylate group, we sought to develop a chemical probe to specifically 

capture cellular methacrylylated proteins but not crotonylated proteins. Recently, a phosphine-

mediated phospha-Michael addition was introduced to occur between tris(2-

carboxyethyl)phosphine (TCEP) and unsaturated modification on protein residues.132-134 Here, we 

describe a series of TCEP analogs, especially one named gly-TCEP-AK, that enables selectively 

labeling and enrichment of cellular methacrylated proteins in a mild condition (Table 3.1). 

Previous study has demonstrated sodium methacrylate as a precursor to boost cellular MC-CoA 

level, which could induce histone lysine methacrylylation.43 Additionally, valine is the 

intracellular source for MC-CoA formation. Using the probe combined with quantitative 

proteomic analysis, we successfully identified sodium methacrylate and valine dependent 

methacrylylated proteins, respectively. Furthermore, we applied the probe to profile and identify 

HAT1 regulated protein lysine methacrylylation. By comparing the methacrylylated proteins with 

the previous identified crotonylated proteins, we also found the common and unique cellular 

functions for protein lysine methacrylylation.  
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3.2 Results and Discussion 

Development of a selective chemical probe for lysine methacrylylation 

Phosphorus compounds mediated phospha-Michael addition has been introduced for 

detection of a, b-unsaturated amides on cellular proteins due to its excellent nucleophilicity, water 

solubility and biocompatibility. For instance, previous studies have reported that acrylated, 

crotonylated and dehydrobutyrine modified protein could be labeled by the probe TCEP-biotin for 

visualization.132-134 However, none of them have applied this TCEP based chemical probe for intact 

protein identification at proteomic level, probably due to the steric hindrance, non-selectivity and  

Table 3.1 Names and structures of TCEP analogs.  

(1) 

t-butyl-Gly-TCEP 

 

 

 

 

(2) 

2t-butyl-Gly-TCEP 
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3t-butyl-Gly-TCEP 
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bulky adducts (biotin moiety) introduced on TCEP as well as the non-cleavable property. 

Therefore, to overcome the steric hindrance issue and further apply the chemical probe to 

quantitatively identify cellular methcarylylated protein by LC-MS/MS, we developed a series of 

TCEP analogs (Table 3.1, 1-6) to investigate the reactivity with crotonylated and methacrylylated 

protein aiming to gain selectivity towards cellular methacrylylation but not crotonylation. To this 

end, we first utilized sodium methacrylate as a phospha-Michael acceptor to react with the TCEP 

analogs (1-3); the reaction between sodium methacrylate and TCEP analogs were carried out in 

aqueous Tris buffer at pH 8.0 and 37 ℃ and monitored by RP-HPLC and ESI-MS. The results 

showed that 71.3% of 1 was converted to the product and the rest was oxidized (Supplementary 

Figure S3.1A and D). Similar results were observed for the TCEP analogs 2 and 3 with 72.2% 

and 74.1% conversion, respectively (Supplementary Figure S3.1B, C and D). The data showed 

that limited influence of the tert-butyl glycine conjugation for TCEP reactivity towards the Michael 

acceptor.  

 

Figure 3.1 Study the reactivity between TCEP analogs (4-6) and methacrylylated peptide 

h4(2-8)k5metha or crotonylated peptide h4(1-20)k5cro. (A) The column graph shows the 

percentage conversion of the TCEP analogs 4-6 after the reactions between TCEP analogs and 
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methacrylylated peptide. (B) The column graph shows the percentage conversion of the TCEP 

analogs 4-6 after the reactions between TCEP analogs and crotonylated peptide. 

Next, to develop a selective chemical probe for labeling the methacrylylated protein with 

minimum steric hindrance influence, we decided to introduce an alkyne functional group instead 

of the previous used biotin group. Although the previous study has shown that the alkyne could 

react with the phosphorus on TCEP under the desulfurization condition135, we found that with the 

coupling reagents EDC and HOAt, the carboxylate group on TCEP could immediately conjugate 

with propargylamine by forming a peptide bond achieving around 43% yield within 30 mins. The 

available alkyne could then undergo click reaction for further imaging or enrichment for proteomic 

identification. Additionally, previous study has demonstrated that the negatively charged 

carboxylate groups on TCEP are essential for its nucleophilicity, which is probably due to the 

stabilization of the phosphonium cation from the product.133 Therefore, we decided to further 

modify the carboxylate group aiming to gain more selectivity (Table 3.1, 4-6). We also 

synthesized a model compound Boc-cro-lysine for the activity exploration. With the 

aforementioned reaction condition in aqueous Tris buffer, the TCEP and TCEP analogs were 

reacted with excess model compound and the reactions were monitored by HPLC and ESI-MS. As 

shown in Supplementary Figure S3.2, based on the ratio of the relative peak area of products and 

the left Boc-cro-lysine after the reaction, the TCEP analogs 5 and 6 showed less reactivity towards 

the model compound compared with TCEP (4). Furthermore, we tested the reactivity of the probes 

with methacrylylated and crotonylated peptides. Through the MALDI-TOF mass analysis and 

quantification of the mass peak intensity, we found TCEP treatment to the methacrylylated peptide 

could lead to 98.9% conversion to the product, and the probes 5 and 6 could achieve 94.6% and 
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79.8% conversion, respectively (Figure 3.1 A and Supplementary Figure S3.3). However, with 

the treatment to the crotonylated peptide, we found a dramatically decreased conversion especially 

for the probe 5 and 6, with 10.8% and 12.8%, respectively (Figure 3.1B and Supplementary 

Figure S3.4). These data demonstrated the different reactivity for the methacrylate and crotonylate 

group with the TCEP analogs and the probe 5 showed a high reactivity towards methacrylylation 

but minimum reactivity for crotonylation. Therefore, we decided to use probe 5 for further 

profiling and identification of the cellular protein methacrylylation. 

Evaluation of gly-TCEP-AK for cellular methacrylylated protein labeling 

To test whether gly-TCEP-AK could be applied to the complex cellular proteome for 

labeling of the methacrylylated protein and also investigate the probe selectivity, we treated 

HEK293T cells with 20 mM sodium methacrylate and sodium crotonylate respectively, which as 

noted up-regulates cellular MC-CoA and crotonyl-CoA levels in previous study43, 136. After 24 

hours’ incubation, we first extracted histone proteins which were then incubated with 4 mM gly-

TCEP-AK in Tris buffer at pH 8.0 at 37 ℃ for 16 hours. The proteins were then dialyzed to remove 

excess probe. Thereafter, the histone proteins were further conjugated with azide-biotin (Click 

Chemistry Tools) for visualization through copper catalyzed azide alkyne cycloaddition (CuAAC) 

followed by SDS-PAGE gel separation and streptavidin-HRP detection (Figure 3.2A). The cells 

treated with 20 mM sodium methacrylate showed increased signal (Figure 3.2B), especially for  
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Figure 3.2 Labeling and imaging of the cellular methacrylylated proteins by the probe Gly-

TCEP-AK. (A) Workflow for labeling and imaging of cellular methacrylylated proteins with 
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sodium methacrylate treatment and bioorthogonal labeling. (B) Detection of methacrylylated 

histones in HEK293T cells. HEK293T cells were treated with 20 mM sodium methacrylate or 

sodium crotonylate, and the histones were extracted, followed by incubation with 4 mM Gly-

TCEP-AK for 16 hrs and click reaction. (C) Evaluation of histone methacrylylation with inhibitor 

treatment. The cells were treated with HDAC inhibitors and also sodium methacrylylate, and then 

the histone proteins were labeled by the probe. (D) Examination of methacrylylation on cellular 

non-histone proteins. HEK293T cells were incubated with 20 mM sodium methacrylylate and 20 

mM sodium crotonylate for 24 hrs and the whole cellular proteins were extracted, labeled and 

imaged. (E) Detection of protein methacrylylation in different cell lines. Hela and A549 cells were 

incubated with 20 mM sodium methacrylate for 24 hrs, and the extracted whole cellular proteins 

were labeled by the probe. (F) Detection of cellular protein methacrylylation in different cellular 

compartments. HEK293T cells were incubated with 20 mM sodium methacrylylate for 24 hrs and 

then the cellular proteins were extracted from nucleus, cytosol, and mtochondrion. 

histone H3 and histone H4, which is consistent with the previous results detected by anti-

methacrylylation antibody.43 However, with 20mM sodium crotonylate treatment, we didn’t 

observe increased signal for any histone band, whereas a decreased signal on histone H4 was 

shown. This unexpected decreased labeling is probably due to the competition on the same 

modification sites between the crotonylation and methacrylylation on histone H4.43 With anti-

crotonylation antibody detection, the signals on all the histone bands for 20 mM sodium 

crotonylate treatment were higher than the control (Figure 3.2B).  

Lysine deacetylases such as HDAC3, SIRT1 and SIRT2 have been demonstrated to 

enzymatically remove the methacryl group from lysine residues.43 Therefore, we incubated 
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HEK293T cells with deacetylases inhibitors, e.g., 5μM SAHA or 10mM sodium butyrate for 12 

hours and then treated the cell with additional 20mM sodium methacrylate to increase the cellular 

methacrylylation. As expected, we clearly saw increased signals on histone bands with the 

inhibitor treatment (Figure 3.2C). Next, we extracted the whole cellular protein to explore the 

protein methacrylylation on other proteins beyond histones. As shown in Figure 3.2D, treatment 

of 20 mM sodium methacrylate led to a substantially increased signal with multiple proteins. 

Again, incubation with the sodium crotonylate couldn’t change the labeling signal indicating that 

limited crotonylated proteins could react with the probe. Taken together, these results 

demonstrated that the probe Gly-TCEP-AK could be used for selective labeling of the cellular 

methacrylylated proteins including histones and other proteins in complex proteomes but with 

minimum reactivity towards crotonylated proteins. 

Next, we applied the probe to study the cellular protein methacrylylation. First, we 

incubated the HEK293T cells with 20 mM sodium methacrylate to boost the celluar protein 

methacrylylation and then the extracted cellular proteins were reacted with the probe gly-TCEP-

AK through a time-dependent manner followed by CuAAC reaction for visualization. The protein 

labeling was increased with prolonged incubation time and reached maximum over 12 h 

(Supplementary Figure S3.5A). Moreover, we observed an increased methacrylylation with a 

dose-dependent sodium methacrylate treatment to HEK293T cells (Supplementary Figure 

S3.5B). We also tested the reaction between the cellular methacrylylated proteins with the probe 

in different pH condition and found that the reaction had a wide range of tolerance over the pH 6-

9 (Supplementary Figure S3.5C). Furthermore, we detected the cellular protein methacrylylation 

in different cell lines and found that with 20 mM sodium methacrylate incubation, the protein 

methacrylylation was clearly increased in both Hela and A549 cells (Figure 3.2E). Interestingly, 
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previous studies have identified a large number of crotonylated proteins in both Hela and A549 

cells and showed that non-histone crotonylated proteins participated in numerous biological 

functions.54, 137 The results in current study demonstrated that multiple proteins could also be 

methacrylylated in cancer cells and showed a great potential to regulate critical cellular functions 

and served as possible therapeutical targets. Although it has shown that sodium methacrylate could 

increase cellular MC-CoA level and further promote the protein methacrylylation, little is known 

which part of the protein in cells could be affected. Therefore, we incubated the HEK293T cells 

with sodium methacrylate and extracted cellular proteins from different compartments including 

cytosol, mitochondrion, and nucleus. Intriguingly, although the protein labeling from all the 

compartments was enhanced by sodium methacrylate, there is a dramatically increase in cytosolic 

proteins (Figure 3.2F). This data shows that sodium methacrylate, as a source of cellular MC-

CoA, mainly induces the protein methacrylylation in cytosolic compartment. 

Identification of the sodium methacrylate and valine induced methacrylylated proteome 

Except for sodium methacrylate, previous studies have shown that valine catabolism is also 

an important source to generate endogenous MC-CoA.124 Additionally, our previous work have 

demonstrated that the cellular biosynthesis of isobutyryl-CoA, a precursor of MC-CoA in valine 

catabolism pathway, could be stimulated by feeding cells with valine.45 We therefore proceeded 

to test whether valine could also be able to increase the cellular protein methacrylylation level by 

our probe (Figure 3.3A). First, HEK293T cells were incubated with 20 mM sodium methacrylate 

or valine for 24 hours. The histone proteins were then collected, reacted with gly-TCEP-AK and 

further conjugated with biotin through CuAAC reaction as aforementioned. The results showed 

that with the incubation of either sodium methacrylate or valine, the methacrylylation on histone 

H3 could be increased (Figure 3.3B). Interestingly, we observed a much more increased 
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Figure 3.3 Detection of valine metabolism dependent protein methacrylylation. (A) Schematic 
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graph to identify the methacrylylated proteins dependent on valine and sodium methacrylate 

metabolism by Gly-TCEP-AK. (B) Detection of valine dependent methacrylylated histones. 

HEK293T cells were incubated with 20 mM Met-Na or 20 mM valine, and then the histone 

proteins were extracted and labeled with Gly-TCEP-AK. (C) Detection of valine dependent 

methacrylylated whole cellular proteins. (D) Dose-dependent valine treatment to HEK293T cells 

to induce cellular protein methacrylylation. Cells were incubated with 10 or 20 mM valine for 24 

hrs. (E) Time-dependent valine treatment to HEK293T cells to induce protein methacrylylation. 

Cells were incubated with 20 mM valine for varied time. (F) Detection of cellular protein 

methacrylylation with knock-down of the enzyme HIBCH. 

methacrylylation on histone H4 as compared with control and sodium methacrylate 

treatment, implying the strong connection between valine mitochondrial metabolism and nuclear 

regulation. We also extracted the whole cellular protein to detect the influence of valine treatment 

on other proteins. As shown in Figure 3.3C, the methacrylylation on multiple proteins were 

increased by incubating the cell with valine. These data showed that valine could not only induce 

methacrylylation on histone proteins but also many other proteins, suggesting a broad involvement 

of valine catabolism in cellular regulation via this important PTM. Additionally, the dose-

dependent protein methacrylylation by valine treatment was also observed (Figure 3.3D).  

Moreover, we incubated the cells with 20 mM valine through a time-dependent manner to 

explore the dynamic regulation of valine catabolism towards protein methacrylylation. 

Specifically, we didn’t observe strongly increased protein methacrylylation with 4- or 8-hours’ 

incubation. However, with prolonged incubation time, the methacrylylation on multiple proteins 

were greatly enhanced (Figure 3.3E). We further studied the influence of valine catabolism 
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towards protein methacrylylation by knockdown of the protein, 3-Hydroxyisobutyryl-CoA 

hydrolase (HIBCH), a key enzyme in valine catabolism pathway. Previous studies have 

demonstrated that HIBCH mutation could cause the accumulation of MC-CoA, which could 

further lead to neurological diseases by reacting with some sulfhydryl-containing enzymes, but the 

detailed mechanisms and direct evidence are still largely unknown.138-140 Therefore, we transfected 

the siRNA of HIBCH into HEK293T cells, and after 48 hours’ incubation, the lysate proteins were 

reacted with gly-TCEP-AK and further conjugated with biotin by CuAAC reaction as above 

described. With the knockdown of HIBCH, the methacrylylation level of certain proteins were 

clearly increased (Figure 3.3F). These studies demonstrated an important valine metabolic route 

to induce cellular protein methacrylylation and provide an alternative mechanism of MC-CoA 

accumulation accounting for HIBCH-deficiency induced neurodevelopmental disorders. 

Although from the imaging results, both sodium methacrylate and valine could promote 

the cellular protein methacrylylation, specific protein profiles remain to be elucidated. Therefore, 

we next sought to identify the cellular methacrylylated proteins induced by the two different 

metabolites through quantitative LC-MS/MS analysis. As illustrated in Figure 3.4A, HEK293T 

cells were incubated with 20 mM sodium methacrylate or 20 mM valine for 24 hr, respectively. 

We also included another group with PBS incubation as the negative control. The collected protein 

samples were further subjected to Phospha-Michael addition and then conjugated with biotin 

through CuAAC reaction as aforementioned. After removing the extra azide-biotin by 

precipitating the protein samples with excess acetone, the biotin tagged proteins were further 

enriched on streptavidin beads and then subjected to on-beads digestion. The obtained peptides 

were then labeled by tandem mass tags (TMTs) for multiplexed quantitative proteomic analysis. 

The TMT tagged peptides were able to generate different intensities of reporter ions from different  
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Figure 3.4 Quantitative chemoproteomic profiling of sodium methacrylate and valine 

dependent methacrylylated proteins by Gly-TCEP-AK in HEK293T cells. (A) Workflow for 

proteomic identification of sodium methacrylate and valine dependent methacrylylated proteins. 

(B) Cellular component analysis of Met-Na dependent methacrylylated proteins. (C) Cellular 
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component analysis of valine dependent methacrylylated proteins. (D) Biological process 

functional annotation of Met-Na dependent methacrylylated proteins. (E) Biological process 

functional annotation of valine dependent methacrylylated proteins. (F) Representative molecular 

function analysis of Met-Na dependent methacrylylated proteins. (G) Representative molecular 

function analysis of Valine dependent methacrylylated proteins.  

channels in the tandem MS, which could be used for quantifying peptides. To ensure the reliability 

of the results, we performed replicate experiments. By averaging the corresponding intensities 

from the reporter ions, we got two quantitative ratios: the Meth/Ctrl and Val/Ctrl. We further 

applied cutoff ratio of 1.2 for sodium methacrylate dependent proteins and 1.1 for valine dependent 

proteins and got 254 and 256 proteins, respectively and totally found 48 overlapped proteins 

(Supplementary Figure S3.6).

To better understand the biological functions of the newly identified methacrylylated 

proteins and study the different regulatory mechanisms of the two metabolites dependent 

methacrylylated proteins, we performed Gene Ontology (GO) analysis through the Database for 

Annotation, Visualization and Integrated Discovery (DAVID).111 Cellular component analysis 

showed that the majority of both of the sodium methacrylate and valine dependent methacrylylated 

proteins are localized in cytosol. However, more of the valine induced methacrylylated proteins 

are found in mitochondrion (Figure 3.4B and 3.4C). These results indicated that different 

metabolites might induce protein methacrylylation from different cellular compartments and 

valine dependent methacrylylation could have more influence on mitochondrion proteins 

compared with sodium methacrylate induced protein methacrylylation. In addition, biological 

process analysis showed that sodium methacrylate induced methacrylylated proteins are involved 
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in lots of important cellular functions such as cell division, vesicle-mediated transport, actin and 

microtubule cytoskeleton organization, protein transport and cell proliferation (Figure 3.4D and 

3.4E). Again, we found that valine induced methacrylylated proteins have more effect on 

mitochondrial functionalities, i.e., mitochondrial translation, mitochondrial ATP synthesis, and 

mitochondrial electron transport. Molecular function analysis demonstrated that sodium 

methacrylate induced methacrylylated proteins possess RNA binding, cadherin binding and GTP 

binding activities, whereas valine dependent methacrylylated proteins mainly mediate RNA 

binding, ATP binding and enzyme binding activities (Figure 3.4F and 3.4G). Taken together, 

these functional survey results show that both metabolites induced methacrylylated proteins are 

involved in diverse biological processes, regulating cellular functions. Specifically, valine has 

more influence on the methacrylylation of mitochondrial proteins.

Identification of HAT1 dependent methacrylylated proteome 

Previous study has demonstrated that HAT1 is able to catalyze protein methacrylylation on 

histone H4 in vitro and in mammalian cells.43 Our data shows that hundreds of HAT1 protein 

substrates are localized in different cellular compartments.123 Therefore, our next step is to apply 

the probe Gly-TCEP-AK to examine whether HAT1 could catalyze methacrylylation on cellular 

proteins beyond histone H4. We first incubated the mouse embryonic fibroblasts (MEF) cell line 

(36T) with sodium methacrylate through a dose-dependent manner for 24 hr. The collected cell 

lysate proteins were reacted with the probe gly-TCEP-AK and then conjugated with biotin as 

above mentioned. As a result, the sodium methacrylate could promote protein methacrylylation on 

diverse cellular proteins in 36T cells, with a strong labeling signal for 20 mM treatment (Figure 

3.5A). Then we knocked out the HAT1 enzyme and obtained a HAT-/- cell line (33T) to study the 
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HAT1 dependent methacrylylated proteins. As shown in Figure 3.5B, with the incubation of 

sodium methacrylate, the methacrylylation on cellular proteins were decreased with HAT1 knock- 

 

Figure 3.5 labeling and proteomic profiling of HAT1 dependent methacrylylated proteins. 

(A) Labeling of methacrylylated proteins in 36T cells in a dose-dependent manner. 36T cells were 

incubated with sodium methacrylate in varied concentrations for 24 hours. (B) Detection of HAT1 

dependent methacrylylated proteins. 33T and 36T cells were incubated with 20 mM Met-Na for 
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24 hours. (C) Cellular component analysis of HAT1 dependent methacrylylated proteins. (D) 

Biological process analysis of HAT1 dependent methacrylylated proteins. (E) Molecular function 

analysis of HAT1 dependent methacrylylated proteins. 

 

out. Importantly, there is still an increased protein methacrylylation with the sodium methacrylate 

treatment in 33T cells, indicating that HAT1 is not the only catalyzing enzyme for protein 

methacrylylation. We also incubated MEF cells with 20 mM valine and found that knock-out of 

HAT1 could also decrease valine dependent protein methacrylylation (Supplementary Figure 

S3.7). These data demonstrate that sodium methacrylate and valine can also induce protein 

methacrylylation in MEF cells and HAT1 is one of the main regulatory enzymes for protein 

methacrylylation, which can catalyze protein methacrylylation on diverse cellular proteins except 

for histone H4. 

Next, we applied the probe Gly-TCEP-AK to globally identify the HAT1 dependent 

methacrylylated proteins. To this end, 33T and 36T cells were either incubated with or without 20 

mM sodium methacrylate for 24 hr. The resulted cell lysate proteins were reacted with Gly-TECP-

Ak, conjugated with biotin, and enriched on streptavidin beads. Then the proteins were digested 

by trypsin and the released peptides were further subjected to TMT labeling as aforementioned for 

LC-MS/MS analysis. We totally identified 6567 proteins and then by averaging the corresponding 

intensities of the peptides from the reporter ions, we got the quantitative ratios for identifying the 

HAT1 dependent methacrylylated proteins: 36T(20Met)/33T(20Met). With further applying the 

cutoff ratio at 1.5, we finally selected 1002 proteins as our prominent targets. We then analyzed 

these proteins by Gene Ontology (GO) through the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) to study the important biological functions.111 Specifically, cellular 
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compartment analysis revealed that the HAT1 dependent methacrylylated proteins are mostly 

localized in cytosol, cytoplasm, integral component of membrane, nucleus and plasma membrane 

(Figure 3.5C). The analysis on biological process showed that the proteins are associated with 

protein transport, transcription, cell proliferation, cell adhesion, cell cycle, protein 

phosphorylation, mRNA processing, and cell migration, indicating a broad involvement of the 

HAT1 dependent methacrylylated proteins in critical cellular biological functions (Figure 3.5D). 

In addition, molecular function analysis suggested that many of the proteins possess RNA, ATP, 

calcium ion, actin, enzyme, cadherin and chromatin binding activities (Figure 3.5E). Overall, 

these functional investigation results indicate that the HAT1 dependent methacrylylated proteins 

are highly enriched in various biological processes and reveal a novel link between HAT1 and 

protein methacrylylation. 

3.3 Conclusion 

To summarize, we have developed a highly reactive and selective chemical probe, Gly-

TCEP-AK, for labeling and profiling protein methacrylylation with mammalian cells. The probe 

exhibits great reactivity both with peptides and proteins and shows selectivity towards 

methacrylylation but not crotonylation. The protein imaging data showed that the methacrylylation 

exist on multiple cellular proteins beyond histones. Importantly, we showed that the protein 

methacrylylation exist in varied cell lines including HEK293T, Hela, A549 and MEF cells. It is 

therefore worth noting that further investigations are still needed for the study of how 

methacrylylation affect protein functions in different cells especially in cancer cells, which might 

contribute on cancer progression. Except for sodium methacrylate, our data showed that valine is 

another important source to promote cellular protein methacrylylation. Additionally, we found by 

knock-down of HIBCH, a critical enzyme in the valine metabolic pathway, the protein 
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methacrylylation can be promoted, which provides an important mechanism to study HIBCH 

related diseases. We further applied the probe to globally identify the sodium methacrylate and 

valine dependent methacrylylated proteins through quantitative chemoproteomics and found 

hundreds of new methacrylylated proteins. To the best of our knowledge, this is the first proteome 

analysis to show the methacrylylated proteins in mammalian cells. Notably, we found the different 

protein profiles for the two metabolites, indicating that sodium methacrylate and valine may 

influence different cellular functions through protein methacrylylation. Moreover, HAT1 has been 

proved to catalyze protein methacrylylation on histone H4 in previous study. Our study on HAT1 

activities suggests that HAT1 can catalyze methacrylylation on multiple cellular proteins besides 

histone H4. Importantly, we identified over one thousand HAT1 dependent methacrylylated 

proteins, which expands the substrate scope of both protein methacrylylation and HAT1, aiding in 

further study of this newly identified PTM and the regulatory role of HAT1 in cellular functions. 

Overall, our study provides a powerful chemical probe, which enables labeling and identification 

of methacrylylated proteins in different biological contexts. Additionally, our protein set offers a 

valuable resource for further detection of the function of protein methacrylylation. With the probe 

readily applicable for labeling and enrichment of the cellular methacrylylated proteins, we envision 

that more functional roles of this under-investigated PTM will be revealed in the future. 

3.4 Methods and materials 

Reagents and materials 

Unless otherwise noted, all chemicals and solvents were purchased from Sigma–Aldrich 

and used without further purification. Fmoc-protected amino acids and preloaded Wang resin were 

purchased from NovaBiochem. Click chemistry reagents biotin-azide (catalog# 1265) was

purchased from Click Chemistry Tools. Protein dual color standards and precast protein gels (4%–
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20%) were purchased from Bio-Rad Laboratories. High sensitivity streptavidin-HRP was 

purchased from Thermo Fisher Scientific (catalog# 21130). High-capacity streptavidin agarose 

was purchased from Thermo Fisher Scientific (catalog# 20359). The anti-HAT1 antibody 

(catalog# 11432) was purchased from Proteintech. The anti-Histone H3 antibody (catalog# sc-

517576) was purchased from Santa Cruz. The anti-acetyllysine antibody (catalog# PTM-105) was 

purchased from PTM BIO LABS. The anti-GAPDH antibody (catalog# 2118) was purchased from 

Cell Signaling. The anti-Hsp60 antibody (catalog# ab59457) was purchased from Abcam. The 

anti-rabbit-HRP linked antibody (catalog# 7074) was purchased from Cell Signaling. The anti-

mouse-HRP linked antibody (catalog# 7076) was purchased from Cell Signaling. HEK293T, Hela 

and A549 cells were purchased from American Type Culture Collection (ATCC). MEF cell line 

was a gift from Dr. Mark Parthun’s lab.  

Synthesis of Na-Boc,Ne-crotonyl lysine  

Na-Boc,Ne-crotonyl lysine was synthesized as described by previous work.133 

Synthesis of N-terminal H4 peptide H4(2-8)K5metha and H4 peptide H4(1-20)K5cro. 

Peptides were synthesized by standard Fmoc solid-phase peptide synthesis (SPPS) protocol 

on an AAPPTec Focus XC synthesizer using a Wang resin (Fmoc-Lys (Boc)-Wang, 100–200 

mesh, ChemPep). The peptides were purified by C-18 RP-HPLC and confirmed by MALDI-MS. 

Synthesis scale was 0.1 mmol. Specifically, Individual amino acids were coupled using activation 

reagent HCTU, HOBt, and DIPEA. Lys(DDE) was deprotected with 2% hydrazine in DMF for 2 

h at room temperature, drained, and repeated with fresh 2% hydrazine in DMF for 2 h at room 

temperature. After washing the resin with DMF, the crotonylation and methacrylylation reaction 

was conducted with 10 eq of crotonic acid or methacrylic acid in DMF, 10 eq HCTU in DMF, and 

40 eq NMM in DMF for overnight. The Fmoc deprotection reactions were performed with 20% 
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piperidine in dimethylformamide. The peptide was cleaved off the resin using 95% trifluoroacetic 

acid (TFA), 2.5% H2O, and 2.5% triisopropylsilane (TIS) for 4 h. Peptides were precipitated in 

cold diethyl ether and pelleted by centrifugation. The peptides were precipitated in cold diethyl 

ether and lyophilized to get solid form. 

Synthesis of t-butyl-Gly-TCEP 

t-butyl-glycine (59 mg, 352 μmol, 1 eq), EDC (67.4 mg, 352 μmol, 1 eq.) and 95.8 mg

(704 μmol, 1mL, 2 eq.) 1-hydroxy-7-azabenzotriazole (HOAt) were dissolved in 2 mL DMF 

(degassed) under an inert atmosphere. This solution was added to TCEP (300 mg, 1056 μmol, 3eq.) 

dissolved in 2 mL degassed DMF containing 296 μL (1408 μmol, 4 eq.) DIPEA under an inert 

atmosphere. The reaction was stirred at room temperature for 1hr. Yield: 62.1mg 48.5% 

Synthesis of 2t-butyl-Gly-TCEP 

T-but-glycine (14.8 mg, 88 μmol, 1 eq), EDC (16.9 mg, 88 μmol, 1 eq.) and 1-hydroxy-7-

azabenzotriazole (HOAt) (24 mg, 176 μmol, 2 eq.) were dissolved in 2 mL DMF (degassed) under 

an inert atmosphere. This solution was added to 1-t-but-gly-TCEP (96mg, 264 μmol, 3eq.) 

dissolved in 1.5 mL degassed DMF containing 74 μL (352 μmol, 4 eq.) DIPEA under an inert 

atmosphere. The reaction was stirred at room temperature for 1hr. Yield: 19.8 mg, 47.2% 

Synthesis of 3t-butyl-Gly-TCEP 

T-but-glycine (118 mg, 704 μmol, 4 eq), EDC (134.8 mg, 704 μmol, 4 eq.) and 1-

hydroxy-7-azabenzotriazole (HOAt) (143.7 mg, 1056 μmol, 6 eq.) were dissolved in 3 mL DMF 

(degassed) under an inert atmosphere. This solution was added to TCEP (50mg, 176 μmol, 1eq.) 

dissolved in 1 mL degassed DMF containing 55.5 μL (264 μmol, 1.5 eq.) DIPEA under an inert 

atmosphere. The reaction was monitored by RP-HPLC and stirred at room temperature for 4 hr. 

Yield: 38.1 mg, 36.7% 



 

82 

Synthesis of Gly-TCEP-AK 

 Propargyl amine 11.3 μL (9.68mg, 176 μmol, 1 eq), EDC (33.7 mg,176 μmol, 1 eq.) and 

1-hydroxy-7-azabenzotriazole (HOAt) (47.9 mg, 352 μmol, 2 eq.) 1-hydroxy-7-azabenzotriazole 

(HOAt) were dissolved in 1 mL DMF (degassed) under an inert atmosphere. This solution was 

added to t-butyl-Gly-TCEP (528 μmol, 191.7 mg, 3 eq.) dissolved in 2 mL degassed DMF 

containing 148 μL (704 μmol, 4 eq.) DIPEA under an inert atmosphere. The reaction was stirred 

at room temperature for 30 min to achieve t-butyl-Gly-TCEP-AK. Yield: 30.6 mg, 43.4% 

 40 mg t-butyl-Gly-TCEP-AK were dissolved in 75% TFA/water (4 ml) and stirred under 

inert atmosphere for 3 hours in room temperature. Yield: 33.2 mg, 97% 

Synthesis of 2Gly-TCEP-AK 

Propargyl amine 26μL (19.36 mg, 352 μmol, 2 eq), EDC (67.4 mg, 352 μmol, 2 eq.) and 

72 mg (880μL, 528 μmol, 3 eq.) 1-hydroxy-7-azabenzotriazole (HOAt) were dissolved in 1 mL 

DMF (degassed) under an inert atmosphere. This solution was added to 2t-butyl-Gly-TCEP (176 

μmol, 83.8 mg, 1 eq.) dissolved in 1 mL degassed DMF containing 74 μL (352 μmol, 2 eq.) DIPEA 

under an inert atmosphere. The reaction was stirred at room temperature for 45 min to achieve 2t-

butyl-Gly-TCEP-AK. Yield: 37.5 mg, 41.6% 

 35 mg 2t-butyl-Gly-TCEP-AK were dissolved in 75% TFA/water (4 ml) and stirred under 

inert atmosphere for 3 hours in room temperature. Yield: 25.7 mg, 94% 

Reactions between TCEP Analogs and sodium methacrylate or Boc-crotonyl-lysine 

50 mM sodium methacrylate were incubated with 10 mM t-butyl-Gly-TCEP, 2t-butyl-Gly-

TCEP or 3t-butyl-Gly-TCEP in 50 mM Tris-HCl buffer, and after overnight incubation, the 

reaction mixture was analyzed by HPLC and ESI-MS. 
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50 mM Boc-crotonyl-lysine were incubated with 10 mM TCEP, Gly-TCEP-Ak or 2Gly-

TCEP-Ak in 50 mM Tris-HCl buffer, and after overnight incubation, the reaction mixture was 

analyzed by HPLC and ESI-MS. 

Cell culture and preparation of whole cellular protein 

For HEK293T, Hela, A549 and MEF cell culture, cells were grown in Dulbecco modified 

Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Life Technologies) 

and 1% penicillin-streptomycin (15140122, Thermo Fisher Scientific) at 37 ℃ in a humidified cell 

incubator with 5% CO2.  

For preparation of the whole cellular proteins, the cells were plated and cultured to around 

90% confluence and then scrapped and harvested after washing through PBS for three times. Cells 

were collected through centrifugation (5000 rpm x 5 min, 4 ℃) and were resuspended by ice-cold 

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

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

putting the lysate on ice for 15 minutes, to release the whole cellular proteins, cells were sonicated 

with 30% amplitude. The cellular proteins (supernatant) were collected by centrifugation for 20 

minutes (13200 rpm x 20 min, 4 ℃). The protein concentration was determined by Bradford assay. 

Western blotting analysis  

 The HAT1 level, HIBCH level, hsp60 level, GAPDH level, crotonylation level and histone 

H3 level were detected by the respective antibody. The protein mixture was subjected to SDS-

PAGE and transferred to nitrocellulose membrane followed by blocking with 5% non-fat milk for 

1 h. Next, the membrane was incubated with the primary antibody at 4 °C overnight. After washing 

with TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20) for 3 times (5 minutes for each), 

the membrane was incubated with secondary antibody at room temperature for 1 h. The membrane 
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was then washed three times (5 minutes for each) with TBST and developed by enhanced 

chemiluminescence detection system according to the manufacturer’s protocols and scanned by 

chemiluminescence scanner.  

Transfection of siRNA for HIBCH knockdown 

HEK293T cells were cultured to reach around 60% confluence stage, and transfection of 

siRNA of HIBCH was conducted by Lipofectamine 3000 (ThermoFisher SCIENTIFIC, Product 

#L3000008) according to the manufacture’s protocol followed by 48 h of incubation. Next, the 

cells were washed with ice-cold PBS and harvested and lysed by ice-cold M-PER buffer containing 

a 1% protease inhibitor cocktail. The protein was then collected and the protein concentration was 

determined by Bradford assay.  

Protein labeling by the probe Gly-TCEP-AK, CuAAC reaction, and streptavidin detection 

The methods for labeling, CuAAC reaction and streptavidin detection were adapted from 

the previous experimental procedures.129 Specifically, 50 μg cellular proteins (10 μg for histone 

proteins) were incubated with the probe Gly-TCEP-AK as indicated concentrations at 37 ℃. The 

whole proteins were then precipitated with 5-fold ice-cold acetone and the precipitated proteins 

were collected by centrifugation at 5000 g for 10 min at 4 ℃, washed by ice-cold methanol for 

three times. The resulting proteins were resuspended by PBS with 0.4% SDS. The protein solutions 

were then subjected to CuAAC reaction. For CuAAC reaction, the proteins were mixed with click 

cocktail containing 50 μM biotin-azide, 2.5 mM sodium ascorbate, 0.5 mM copper sulfate and 

0.25 mM ligand BTTAA. After 1 h incubation at room temperature, the solutions were further 

mixed with protein loading dye and then boiled for 5 min. The samples were then loaded on 4-

20% SDS-PAGE gradient gel. Thereafter, the proteins were transferred to nitrocellulose membrane 



85 

and blocked with 5% non-fat milk for 1 h. The membrane was incubated with streptavidin-HRP 

for another 1 h and scanned by chemiluminescence scanner. 

Protein enrichment and protein digestion  

Lyophilized lysates were transferred to new tubes and resuspended in 100 mM DPBS. The 

streptavidin beads were washed in 100 mM DPBS twice and incubated with cell lysates for 2 h at 

room temperature. The beads were then washed by 100 mM DPBS ten times in a spin column to 

remove unspecific binding proteins.  

The beads were resuspended in the digestion buffer containing 50 mM HEPES pH=8.1, 

1.6 M urea, and enriched proteins were digested with 50:1 (w/w) trypsin (Promega) for 16 h at 37 

˚C with shaking. The digestion was quenched by adding trifluoroacetic acid (TFA) to a final 

concentration of 0.4% after removing beads with spin columns. Digests were centrifuged and 

desalted using 50 mg SepPak tC18 cartridges (Waters).    

TMT labeling and peptide fractionation by HPLC  

Purified peptides were lyophilized and resuspended in 100 μL of 100 mM HEPES pH = 

8.5, and 30 μL ACN. For each cell type, the samples were labeled with the TMT6plex reagent 

(Thermofisher). After a one-hour reaction, the excessive amount of the TMT reagents was 

quenched by adding 10 μL of 5% hydroxylamine. Labeled peptides were pooled, purified, and 

fractionated into three fractions using 20/50/80% ACN. The collected fractions were further 

purified by the StageTip method.   

LC-MS/MS analysis  

Dried peptides were resuspended in 6 µL loading solution containing 5% ACN and 4% 

formic acid (FA), and 3 µl was loaded onto a microcapillary column packed with C18 beads 

(Magic C18AQ, 5 μm, 200 Å, 75 μm x 16 cm) by a Dionex WPS-3000TPLRS autosampler 
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(UltiMate 3000 Thermostatted Pulled Loop Rapid Separation Wellplate Sampler). Peptides were 

separated by reversed-phase HPLC using an UltiMate 3000 binary pump with a 150-minute 

gradient designed for the TMT-labeled peptides. The full MS and MS2 were detected in a hybrid 

dual-cell quadrupole linear ion trap – Orbitrap mass spectrometer (LTQ Orbitrap Elite, Thermo 

Scientific, with Xcalibur 3.0.63 software) using a data-dependent Top15 method. Each cycle 

included one full MS scan (resolution: 60,000) in the Orbitrap at the automatic gain control (AGC) 

target of 1*106, followed by up to 15 MS/MS for the most intense ions. Selected ions were 

excluded from further analysis for 90 s. Ions with a single or unassigned charge were not sequenced. 

MS2 scans were activated by HCD at 30% normalized collision energy with an isolation width of 

1.2 m/z and detected in the Orbitrap cell with a resolution of 15,000.   

Database searching, data filtering, and protein quantification  

Raw data files recorded from the mass spectrometer were converted into the mzXML 

format. Mass spectra were searched using the SEQUEST algorithm (version 28) (Eng et al., 

1994) against a human proteome (Homo sapiens) database encompassing sequences of all proteins 

downloaded from UniProt (https://www.uniprot.org/taxonomy/9606). Each protein sequence was 

listed in both forward and reversed orientations to estimate the false discovery rate (FDR) of 

peptide and protein identifications. The following parameters were used for the search: 10 ppm 

precursor mass tolerance; 0.025 Da product ion mass tolerance; fully digested with trypsin; up to 

two missed cleavages; variable modifications: oxidation of methionine (+15.9949); fixed 

modifications: TMT labeling of lysine and the N-termini (+229.1630).   

The target-decoy method (Elias and Gygi, 2007) was employed to evaluate and control the 

FDRs of peptide and protein identifications. Linear discriminant analysis (LDA) was used to 

distinguish correct and incorrect peptide identifications using numerous parameters such as XCorr, 
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ΔCn, and precursor mass error. After scoring, peptides with fewer than seven amino acids in length 

were discarded, and peptides were filtered to a less than 1% FDR based on the number of decoy 

sequences in the final data set.  

The TMT reporter ion intensities in the MS2 spectra were used to quantify peptides. The 

isotopic information provided by Thermo was utilized to correct the ion intensities. The summed 

intensity for each protein was calculated based on all unique peptides from this protein in each 

sample. 

Bioinformatic analysis   

Protein functional annotation information was obtained from UniProt (UniProt, 

2019) (https://www.uniprot.org/) and analyzed using the Database for Annotation, Visualization 

and Integrated Discovery (DAVID (Huang et al., 2009), https://david.ncifcrf.gov/). 
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CHAPTER 4 

DISCOVERY AND PROFILING OF PROTEIN CYSTEINE S-2-CARBOXYPROPYLATION 
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Abstract 

Methacrylyl-CoA is a key metabolic intermediate in valine catabolic pathway and its 

accumulation has been found to be cytotoxic and causative to oncological and neurological 

diseases. Nevertheless, detailed biological effects of methacrylyl-CoA and methacrylate in human 

physiology and pathology are poorly understood. We propose that the electrophilicity of the alkene 

bond in the methacrylyl group can react with cysteine residues in proteins resulting in an 

unexplored protein post-translational modification, cysteine S-2-carboxypropylation (C2cp). To 

test and validate this mechanistic hypothesis, in this study, we detected and profiled S-2-

carboxypropylated proteins from the complex cellular proteome with the design and application 

of a bioorthogonal chemical probe, N-propargyl methacrylamide. We tested the probe in different 

mammalian cell models and demonstrated its versatility and sensitivity to protein cysteine S-2-

carboxypropylation. We established quantitative chemical proteomics for global and site-specific 

profiling of protein S-2-carboxypropylation, which successfully identified 403 S-2-

carboxypropylated proteins and 120 cysteine modification sites from HEK293T cells. Through 

bioinformatic analysis, we found that C2cp-modified proteins were involved in a variety of critical 

cellular functions including translation, RNA splicing and protein folding. Our chemoproteomic 

studies demonstrating the proteome-wide distribution of cysteine S-2-carboxypropylation provide 

a new biochemical mechanism for functional investigation of methacrylyl-CoA and understanding 

valine metabolic disorders. 

4.1 Introduction 

Branched-chain amino acids (BCAAs) that include leucine, isoleucine, and valine are 

essential building blocks for protein synthesis in all living organisms. BCAAs account for protein 

anabolic functionalities, energy production, signaling transmission, etc.45, 141, 142 Administration of 
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leucine to food-deprived rats has been shown to effectively stimulate protein synthesis in skeletal 

muscles.143 Feeding the rat muscle cells with leucine suppresses the activity of AMP-activated 

protein kinase (AMPK), which is known to maintain energy homeostasis in various tissues.144 

Isoleucine or valine deficiency reduces the fat mass in mice through promoting energy expenditure 

and modulating fat metabolism.145 Recent studies on the isoleucine metabolism in mammalian cells 

suggest that it induces b-defensins and shows immunotherapy effect in infectious disease.146 

Importantly, dysregulation of BCAAs has been found to associate with multiple diseases such as 

liver cirrhosis, diabetes, immune system disorders and urine diseases.147, 148 For instance, BCAAs 

regulate the mTOR signaling pathway, a key therapeutic target in cancer biology.149 Emerging 

roles of BCAAs in insulin resistance and strong correlation with obesity have also been revealed.150, 

151 Biochemically, the catabolic pathways of BCAAs consist of multiple enzyme-mediated 

metabolic steps including reversible transamination, irreversible oxidative decarboxylation, and 

dehydrogenation.152, 153 The major end products (acetyl-CoA, succinyl-CoA) of BCAA metabolism 

further enter the Krebs cycle for energy production or participate in protein post-translational 

modifications.92, 154, 155 

Methacrylyl-CoA (MC-CoA) is a key intermediate metabolite generated in the valine 

degradation pathway. High levels of MC-CoA are toxic to cells and have been implicated in 

multiple valine metabolism-associated disorders.138, 156 Studies on the toxicity of MC-CoA can be 

traced back to 1980s when it was found that the inherited mutation of 3-hydroxyisobutyryl-CoA 

hydrolase (HIBCH) enzyme led to the physical malformation and inborn error.139, 157 HIBCH 

deficiency or loss of the short-chain enoyl-CoA hydratase (ECHS1) activity generates excess MC-

CoA which is a causing factor for the metabolic diseases such as liver dysfunction, impaired ATP 

production and lactic acidosis.138, 157, 158 It was further found that activities of MC-CoA hydratase 
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and HIBCH decreased in livers with cirrhosis or hepatocellular carcinoma140, indicating decreased 

capability for detoxifying MC-CoA. The defect of ECHS1 in leigh disease was detected, which 

led to the accumulation of MC-CoA and brain pathology.158 From the chemical perspective, the 

double bond on MC-CoA owns a strong electrophilic nature and can undergo the Michael addition 

to conjugate with a free thiol group.156 Clinical studies showed that N-acetyl-S-(2-

carboxypropyl)cysteine, which is likely produced from MC-CoA, is a useful biomarker for the 

diagnosis of the ECHS1 deficiency (ECHS1D).159, 160 By incubating the fibroblasts with either 

radioisotope-labeled valine or cysteine, elevated secretion of S-2-carboxypropyl-cysteamine and 

S-2-carboxypropyl-cysteine molecules from patients with HIBCH mutations has been identified.139 

However, direct evidence for S-2-carboxypropylated proteins are unexplored. Recently, we and 

colleagues found that as a key epigenetic enzyme, histone acetyltransferase 1 (HAT1) serves as a 

mitochondrial modulator123 and catalyzes protein methacrylylation by transferring the methacrylic 

group from MC-CoA to histone proteins43. The connections among valine metabolism, MC-CoA, 

and protein modifications warrant further investigation. 

The goal of this study is to pursue the first investigation of cysteine S-2-carboxypropylation 

(C2cp) in the human proteome. Being an unexplored protein PTM, no antibody is available for 

C2cp detection in proteins using standard western blotting or immunoprecipitation methods. To 

circumvent this technical barrier, we designed N-propargyl methacrylamide (PMAA) as a 

bioorthogonal chemical probe to set up an antibody-free chemoproteomic platform for the 

detection and profiling of C2cp marks in the human proteome. Through quantitative and site-

specific proteomic analysis, we have successfully identified more than 400 C2cp-containing 

protein targets and 100 modified cysteine sites. Functional annotation revealed that cysteine S-2-

carboxypropylated proteins are involved in diverse essential cellular processes ranged from gene 
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transcription, protein translation, RNA splicing, protein folding, to energy production. This study 

establishes C2cp as a new protein PTM and discloses an important molecular mechanism for 

understanding valine defect-induced metabolic and neurological diseases. 

4.2 Results and discussion 

Development of chemoproteomic probes to study cysteine S-2-carboxypropylation 

On account of the chemical reactivity of the methacrylyl group, we hypothesized that either 

MC-CoA or sodium methacrylate (Met-Na) could non-enzymatically react with cysteine residues

in proteins to result in a hitherto unstudied protein modification, cysteine S-2-carboxypropylation 

(C2cp) (Figure 4.1A). To investigate the possible modification of cysteine residues by 

methacrylate group on cellular proteins, we examined the reactions of MC-CoA with several thiol-

containing biological compounds (cysteine, cysteamine, and coenzyme A). Product detection with 

MALDI-MS showed that MC-CoA was efficiently conjugated with all of these molecules 

(Supplementary Figure S4.1). The result was consistent with a previous report through detection 

of free sulfhydryl groups by incubating the equimolar concentrations of MC-CoA with varied 

sulfhydryl compounds.157 Furthermore, we tested the reactivity between MC-CoA and a cysteine-

containing tripeptide, glutathione, and found it was able to be modified by MC-CoA 

(Supplementary Figure S4.2). These results suggest that direct chemical modification of proteins 

by MC-CoA is highly likely. In contrast, for the reactions between Met-Na and the above-

mentioned thiol-containing compounds, none or very little signals of adduct formation were 

detected through mass spectrometry (data not shown). Therefore, reactivity of MC-CoA was much 

higher than Met-Na. Furthermore, we sought to synthesize a methacrylic acid analogue, N-

propargyl methacrylamide (PMAA) as a bioorthogonal and competitive chemical probe to identify 

and profile S-2-carboxypropylated proteins (Figure 4.1B). We introduced a short amide bond in 



 

93 

the probe for better biocompatibility and less steric hindrance. For comparison, we also 

synthesized a control compound, N-propargyl isobutyrylamide (PIBA), and used it to compete for 

protein labeling by the probe PMAA (Figure 4.1B). PMAA and PIBA were synthesized following 

the previously reported methods.161, 162 

 

Figure 4.1 Design of chemical probes for S-2-carboxypropylated protein profiling. (A) 

Proposed pathway for the formation of cellular protein S-2-carboxypropylation. The protein can 

either directly conjugate with methacrylate or react with MC-CoA first and then be hydrolyzed to 

form S-2-carboxypropylation. (B) The structures of methacrylic acid, PMAA, IA and PIBA. (C) 

Scheme for the probe PMAA to capture cellular S-2-carboxypropylated proteins. The cellular 

proteins were reacted with PMAA and further conjugated with biotin through click reaction, after 

which the labeled proteins can be visualized through streptavidin detection. 

 

Evaluation of the PMAA probe for protein cysteine modification 

Next, we investigated how cellular proteins can be labeled by PMAA. Our idea is that 

PMAA reacts with cysteine residues on complex protein mixtures, after which the modified 

proteins can be biotin tagged through the alkyne click handle by conjugating with biotin-azide and 
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then be detected by chemiluminescence (Figure 4.1C). In the experiment, cultured HEK293T cells 

were lysed and the whole lysate proteins were incubated with PMAA with a dose-dependent and 

a time-dependent manner, respectively. The labeled proteins were then reacted with biotin-azide 

(Click Chemistry Tools, catalog# 1265) through copper-catalyzed azide-alkyne cycloaddition 

(CuAAC), resolved on SDS-PAGE, and imaged by streptavidin-HRP. As shown in Figure 4.2A, 

the whole cell lysates were effectively labeled with PMAA. The labeling became stronger with 

increasing concentrations of the probe and labeling signals were detectable at as low concentration 

as 0.2 mM. Also, the labeling level increased with prolonged incubation times in the range of 1-

16 h (Figure 4.2B). Combined, incubation with 2 mM PMAA for 12 h would reach a saturating 

level of labeling on whole lysate proteins. We then proceeded to test whether the labeling was 

resulted from the conjugation between the cysteine residues on cellular proteins and the alkene 

bond of the PMAA probe. As shown in Figure 4.2C, the PMAA labeling signal was significantly 

abolished by the presence of iodoacetamide (IA), a commonly used alkylating agent that reacts 

with the thiol group of cysteines. In contrast, when either PIBA or sodium isobutyrate which did 

not have a thiol-reactive functional group was co-incubated in the mixture, there was no influence 

on the PMAA labeling (Supplementary Figure S4.3A and S4.3B). These comparative results 

demonstrate that proteins were labeled by PMAA specifically through the Michael addition 

reaction with the side chain sulfhydryl group of cysteine residues (Figure 4.1C). We also tested 

whether PMAA could be used as a robust bioorthogonal probe to label proteins in different cellular 

systems. After incubating the probe with different types of cellular proteomes, strong protein 

labeling bands were observed in the whole lysate proteins from several cell lines tested, including 

mouse embryonic fibroblast cell line (36T), colon cancer cell line (HCT116) and human epithelial 

cell line (HeLa) (Supplementary Figure S4.4). Varied patterns of labeled proteins were seen from  
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Figure 4.2 Evaluation of the probe PMAA labeling to detect S-2-carboxypropylation in 

native proteomes. (A) Concentration-dependent labeling of PMAA with cellular proteomes. 

HEK293T cellular proteins were incubated with probe PMAA with indicated concentration at 37 

℃ for 12 h, followed by CuAAC reaction to conjugate with biotin and detected by streptavidin-

HRP. (B) Time-dependent labeling of PMAA with cellular proteomes. HEK293T cellular proteins 

were incubated with 2 mM PMAA at 37 ℃ for indicated time, followed by CuAAC reaction. (C) 

Using iodoacetamide (IA) as a competitive probe to block free cysteine. The HEK293T cellular 

proteins were pretreated with 10 mM IA for 2 h and then incubated with 1 mM PMAA for another 

4 h (37 ℃), followed by CuAAC reaction. (D) Competition of PMAA labeling by endogenous S-

2-carboxypropylation induced by sodium methacrylate (Met-Na) and valine. HEK293T cells were 

incubated with 20 mM Met-Na or 20 mM valine separately, and the resulted cellular protein were 

reacted with 2 mM PMAA at 37 ℃ for 12 h, followed by CuAAC reaction. 
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different cell lines, which suggests that protein C2cp modification profiles vary in different cells.

To probe endogenous levels of protein S-2-carboxypropylation, we cultured HEK293T cells in the 

presence of 20 mM Met-Na or valine to boost cellular MC-CoA levels, and then the probe PMAA 

was used to label the cellular proteins to compete for the endogenous C2cp in proteins. As revealed 

in Figure 4.2D and Supplementary Figure S4.5, incubation of the cells with either 20 mM Met-

Na or 20 mM valine significantly decreased PMAA-driven labeling signals on the cellular proteins 

as compared with the cells with no treatment of Met-Na or valine. These results can be explained 

by the fact that Met-Na and valine promoted endogenous cellular levels of methacrylate or MC-

CoA, which led to enhanced protein C2cp modifications. Such enhanced protein C2cp 

modifications in cells reciprocally reduced the numbers of those cysteine sites that are accessible 

to PMAA labeling. These data demonstrate that PMAA can be applied as a competitive 

bioorthogonal chemical probe to profile C2cp substrates on cellular proteins. 

Identification of S-2-carboxypropylated protein substrates in the human cellular proteome 

We next applied PMAA as a chemoproteomic probe to identify S-2-carboxypropylated

proteins in HEK293T cells. The workflow was depicted in Figure 4.3A: HEK293T whole lysate 

proteins were prepared and then incubated with either 4 mM PMAA or 4 mM PIBA for 16 h at 37 

℃, respectively. The protein samples were then precipitated with excess acetone and washed with 

ice-cold methanol to remove unreacted chemical probes. Thereafter, the labeled proteins were 

subjected to CuAAC click reaction for conjugation with azide-diazo-biotin (Click Chemistry 

Tools, catalog# 1041), and then enriched on streptavidin beads. The affinity enriched proteins were 

cleaved from the beads with sodium dithionite (Na2S2O4) and then resolved on SDS-PAGE gel and 

imaged by silver staining. As expected, much more protein bands were shown in the group with 
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PMAA incubation compared with the group with PIBA incubation (Supplementary Figure S4.6). 

Next, we sought to globally identify the PMAA labeled proteins using MS-based proteomics. To

this end, the affinity enriched proteins were subjected to on-bead trypsin digestion, and the 

resulting peptides were further labeled by tandem mass tags (TMTs) for multiplexed quantitative 

proteomic analysis (Figure 4.3A). The peptides labeled by the TMT reagents from different 

channels generated a unique reporter ion in the tandem MS, and the intensities of the reporter ions 

were used for quantifying peptides. To ensure the reliability of the results, we performed the 

replicate experiments and obtained a total of 1113 proteins. Further setting the enrichment ratio 

cutoff at 1.4 and then selecting the proteins which must have been identified by more than 2 unique 

peptides, we finally nailed down to 403 proteins to be highly confident S-2-carboxypropylated 

protein substrates. 

Figure 4.3 Quantitative proteomic profiling of S-2-carboxypropylated proteins by PMAA. 

(A) Schematic description of TMT-based multiplexed proteomic profiling of S-2-

carboxypropylation in HEK293T cellular proteins by PMAA. (B) Biological process analysis of 

S-2-carboxypropylated proteins by gene ontology. (C) Cellular component analysis of S-2-
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carboxypropylated proteins in HEK293T cells. (D) Representative molecular function analysis of 

S-2-carboxypropylated proteins.

To understand biological involvements and physiological functions of the identified C2cp 

proteins, we used the Database for Annotation, Visualization and Integrated Discovery (DAVID) 

to perform Gene Ontology (GO) analysis of the identified 403 proteins.111 The results showed that 

the PMAA labeled proteins are involved in a plethora of biological processes including protein 

translation, mRNA splicing, protein folding, protein stabilization, mRNA processing, translational 

initiation and cell division (Figure 4.3B). Cellular component analysis showed that majority of 

the proteins are localized in extracellular exosome, membrane, nucleoplasm, focal adhesion and 

mitochondrion (Figure 4.3C), demonstrating a broad distribution of C2cp-modified proteins. 

Specifically, 59 proteins were found in the mitochondrion, including ALDH5A1, AIFM1, CS, 

HSPA9 and ACAT1, suggesting that C2cp may have multiple regulatory impacts on cellular 

metabolism through modifying mitochondrial proteins. In addition, GO analysis based on 

molecular function indicated that a large number of the identified proteins mediate molecular 

bindings of RNA, ATP, cadherin, kinases, ATPases, actin, etc. (Figure 4.3D). Collectively, these 

functional annotation results suggest that protein C2cp modifications have a huge impact on 

diverse cellular pathways across all the major cellular organelles, which can be a rich source for 

further exploration of molecular mechanisms of MC-CoA and C2cp regulated biological processes 

and pathological disorders. 

Chemoproteomic profiling of C2cp sites in the cellular proteins 

Next, we utilized the PMAA probe to globally identify C2cp sites on cellular proteins. The 

schematic is illustrated in the flow chart of Figure 4.4A: the cultured HEK293T cells were lysed  



 

99 

 

Figure 4.4 Identification of S-2-carboxypropylated cysteines by PMAA. (A) The working 

scheme for LC-MS/MS identification of S-2-carboxypropylation sites in HEK293T cells. (B) 

Identified S-2-carboxypropylated proteins and cysteine residues in HEK293T cells. The proteins 

which have Exp/Veh ratios > 1.4 and must be identified by more than 2 unique peptides are 

considered as hit proteins. (C) Sequence motif analysis of protein S-2-carboxypropylation. Images 

were generated with pLogo. The red horizontal lines on the pLogo plots denote P = 0.05 thresholds. 

 

and the whole lysate proteins were labeled by PMAA, conjugated with azide-diazo-biotin through 

CuAAC click reaction, and then subjected to trypsin digestion. The digested peptides were 

enriched using streptavidin agarose beads and eluted by sodium dithionite as aforementioned, 

which were then analyzed by LC-MS/MS for site identification. From two biological replicates, 
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we totally obtained 120 cysteine residues containing C2cp marks. Through further cross-checking 

with the above mentioned 403 highly-confident proteins, we found 55 of the proteins having C2cp 

sites identified (Figure 4.4B). We also found 8 proteins containing more than 1 site, including 

G3P, RS2, FLNA, STIP1, RS20, HNRNPU, TBB3 and FUBP2. To explore the structural features 

for C2cp, we analyzed the flanking amino acid sequences of the identified S-2-carboxypropylated 

cysteine residues by pLogo algorithm.163 Specifically, we found positively charged lysine was 

significantly overrepresented at the -7, -6, -5, -3, +3, +4, +6 and +7 positions of S-2-

carboxypropylation sites, whereas negatively charged glutamate was significantly overrepresented 

at the -1, +1 and +2 positions (p < 0.05, Figure 4.4C). In addition, glutamine, threonine and 

arginine were highly enriched at the -4, -2 and +5 positions, respectively. The deprotonated Glu 

might be possible to reduce the adjacent cysteine pKa through hydrogen bond formation, whereas 

a nearby arginine could elevate the cysteine pKa.164 By contrast, we found Cys was generally 

underrepresented in the flanking sequences of the S-2-carboxypropylated sites. Therefore, the 

cysteine reactivity is greatly influenced by the local surrounding amino acids. It is noted that 

cysteine modification sites were also found in 40 proteins which were not identified through 

globally identification of the PMAA labeled proteins by MS-based proteomics. These likely are 

additional C2cp substrates. 

Validation of C2cp modification on a select protein 

To corroborate S-2-carboxypropylated proteins identified by our proteomic analysis, we 

experimentally validated C2cp on a selected protein from our proteomic data list. It has been found 

that the dysfunction of Heterogeneous Nuclear Ribonucleoprotein U (HNRNPU) is related to 

neurodevelopmental syndrome and excess MC-CoA can also cause neurological disorder.156, 165 

Therefore, we selected HNRNPU as a protein candidate for biochemical validation. Specifically,  
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Figure 4.5 Validation of cysteine S-2-carboxypropylation on the selected protein, HNRNPU. 

(A) Verification of the PMAA labeled protein (HNRNPU) by western blot. HEK293T cell lysate

proteins with or without HNRNPU overexpression were incubated with 2 mM PMAA for 12 h at 

37 ℃, and then the proteins were conjugated with azide-diazo-biotin through click reaction. After 

pull-down by streptavidin-beads, the eluted proteins were further detected by western blot. (B) 

Identified C2cp sites on the protein HNRNPU by PMAA probe. (C) MS/MS peptide spectrum 

shows the C2cp modification on the C562 residue on HNRNPU. (D) MS/MS peptide spectrum 

shows the C2cp modification on the C607 residue on HNRNPU. 

the HNRNPU plasmid was transiently transfected into HEK293T cells and then the lysate protein 

mixture was labeled by PMAA, conjugated with azide-diazo-biotin, and enriched by streptavidin 

beads. Thereafter, the labeled proteins were eluted by sodium dithionite. Enhanced HNRNPU 

intensity by western blotting detection was observed when both HNRNPU overexpression and 

PMAA labeling were applied, which demonstrates that the intracellularly expressed protein 

(A)

(C)

Uniport # Gene name Peptide Site

Q00839 HNRNPU
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- + - +
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Input

Before IP
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HNRNPU indeed was labeled by PMAA and then be pull-down by streptavidin beads (Figure 

4.5A). Furthermore, we sought to confirm the identified C2cp sites on HNRNPU and investigated 

whether the modification was induced by Met-Na or MC-CoA. Based on our site-specific 

proteomic data, we identified two modification sites on HNRNPU by the probe PMAA, which 

were Cys562 and Cys607 (Figure 4.5B). We incubated the HNRNPU-overexpressed cell lysate 

proteins with either 1mM Met-Na or 1mM MC-CoA and then enriched the HNRNPU with anti-

HNRNPU antibody. The obtained proteins were digested and further analyzed through LC-

MS/MS. Using this approach, we successfully confirmed the two modification sites Cys562 and 

Cys607 on HNRNPU with the treatment of MC-CoA (Figure 4.5C and 4.5D). On the other hand, 

with Met-Na incubation, we could not identify any C2cp sites, which coincides with the above 

observation that methacrylate is less reactive than MC-CoA. These results demonstrate that PMAA 

is an excellent probe for profiling cellular protein C2cp, and the metabolite MC-CoA but not Met-

Na was able to induce protein C2cp modifications. 

4.3 Conclusion 

In this work, we have developed a highly efficient bioorthogonal chemical probe, PMAA, 

for identification and profiling of S-2-carboxypropylated proteins in mammalian cells through 

chemical labeling, affinity enrichment, and proteomic identification. Using the probe, we showed 

that mammalian cellular proteins were extensively S-2-carboxypropylated and the modification 

was present in different cell lines such as 36T, HCT116 and HeLa cells. Using multiplexed

quantitative proteomic analysis and site-specific profiling, we totally identified 403 S-2-

carboxypropylated proteins and 120 cysteine modification sites from HEK293T cells. To the best 

of our knowledge, this is the first direct demonstration and profiling of protein cysteine S-2-

carboxypropylation on mammalian proteins. Previously, using itaconate-alkyne, Qin et al. 
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identified 1926 protein itaconated protein targets 58, whereas less number of identified protein 

targets for S-2-carboxypropylated proteins in our experiment. This result as well as different 

protein lists suggests the different specificity for the two modifications and C2cp modification is 

likely more specific on cellular proteins compared with itaconation. Furthermore, we 

experimentally validated cysteine S-2-carboxypropylation on the protein HNRNPU and confirmed 

the modification sites identified from the chemoproteomic profiling with the PMAA probe. 

Interestingly, we found that the C2cp mark was far more effectively induced by the metabolite 

MC-CoA rather than Met-Na, which demonstrates that MC-CoA is a more reactive metabolite 

than Met-Na in protein modification. Since MC-CoA is a key metabolic intermediate in valine 

degradation, C2cp modification in proteins represents a new regulatory mechanism for valine 

associated metabolic diseases. Further studies are needed to investigate detailed mechanisms for 

the influence of the C2cp modification on valine-pertinent disease pathways. Overall, our work 

detected cysteine S-2-carboxypropylation in mammalian proteins and mapped out its proteomic 

distribution in the proteome. The PMAA chemical probe we developed here would serve as a 

useful tool for studying other cysteine-participating protein modifications. 

4.4 Methods and materials 

Reagents and materials 

Unless otherwise noted, all chemicals and solvents were purchased from Sigma–Aldrich 

and used without further purification. Click chemistry reagents biotin-azide (catalog# 1265) and 

azide-diazo-biotin (catalog# 1041) were purchased from Click Chemistry Tools. Protein dual color 

standards and precast protein gels (4%–20%) were purchased from Bio-Rad Laboratories. High 

sensitivity streptavidin-HRP was purchased from Thermo Fisher Scientific (catalog# 21130). 

High-capacity streptavidin agarose was purchased from Thermo Fisher Scientific (catalog# 
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20359). Plasmid hnRNPU (pcDNA3.1-hnRNPU-V5) was a gift from Susana Valente (Addgene 

plasmid # 35974; http://n2t.net/addgene:35974; RRID: Addgene_35974).166 The anti-hnRNPU 

antibody (catalog# sc-32315) was purchased from Santa Cruz. The anti-Histone H3 antibody 

(catalog# sc-517576) was purchased from Santa Cruz. The anti-mouse-HRP linked antibody 

(catalog# 7076) was purchased from Cell Signaling. HEK293T, Hela and HCT 116 cells were 

purchased from American Type Culture Collection (ATCC). MEF cell line (36T cells) was a gift 

from Dr. Mark Parthun’s lab.  

Synthesis of PMAA, PIBA and MC-CoA 

The probe N-propargyl methacrylamide (PMAA) was synthesized as previously 

described.161 The probe N-propargyl isobutyrylamide (PIBA) was synthesized following the 

previous protocol.162 Methacrylyl-CoA (MC-CoA) was synthesized as described in our previous 

publication.43  

MALDI-mass analysis of the reactions between MC-CoA and thiol-containing biological 

compounds 

1mM MC-CoA was used to react with 1 mM cysteine, cysteamine, or coenzyme A at 37 

℃ for 4 h in PBS, respectively. The resulted samples were sent for MALDI mass detection. 

The same condition was used for the reaction between MC-CoA and cysteine-containing 

peptide, glutathione. 

Cell culture and preparation of whole cellular protein 

For HEK293T, Hela, 36T, HCT116 cell culture, cells were grown in Dulbecco modified 

Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Life Technologies) 

and 1% penicillin-streptomycin (15140122, Thermo Fisher Scientific) at 37 ℃ in a humidified cell 

incubator with 5% CO2.  
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For preparation of the whole cellular proteins, the cells were plated and cultured to around 

90% confluence and then scrapped and harvested after washing through PBS for three times. Cells 

were collected through centrifugation (5000 rpm x 5 min, 4 ℃) and were resuspended by ice-cold 

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

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

putting the lysate on ice for 15 minutes, to release the whole cellular proteins, cells were sonicated 

with 30% amplitude. The cellular proteins (supernatant) were collected by centrifugation for 20 

minutes (13200 rpm x 20 min, 4 ℃). The protein concentration was determined by Bradford assay. 

Protein labeling by the probe PMAA, CuAAC reaction, and streptavidin detection 

The methods for labeling, CuAAC reaction and streptavidin detection were adapted from 

the previous experimental procedures.129 Specifically, 50 μg cellular proteins were incubated with 

the probe PMAA as indicated concentrations at 37 ℃ for 12 h. The whole proteins were then 

precipitated with 5-fold ice-cold acetone and the precipitated proteins were collected by 

centrifugation at 5000 g for 10 min at 4 ℃, washed by ice-cold methanol for three times. The 

resulting proteins were resuspended by PBS with 0.4% SDS. The protein solutions were then 

subjected to CuAAC reaction. For CuAAC reaction, the proteins were mixed with click cocktail 

containing 50 μM biotin-azide, 2.5 mM sodium ascorbate, 0.5 mM copper sulfate and 0.25 mM 

ligand BTTAA. After 1 h incubation at room temperature, the solutions were further mixed with 

protein loading dye and then boiled for 5 min. The samples were then loaded on 4-20% SDS-

PAGE gradient gel. Thereafter, the proteins were transferred to nitrocellulose membrane and 

blocked with 5% non-fat milk for 1 h. The membrane was incubated with streptavidin-HRP for 

another 1 h and scanned by chemiluminescence scanner. 

Protein enrichment and protein digestion for protein identification 
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Lyophilized lysates were transferred to new tubes and resuspended in 100 mM DPBS. The 

streptavidin beads were washed in 100 mM DPBS twice and incubated with cell lysates for 2 h at 

room temperature. The beads were then washed by 100 mM DPBS ten times in a spin column 

(Thermo) to remove unspecific binding proteins. 

The beads were resuspended in the digestion buffer containing 50 mM HEPES pH=8.1, 

1.6 M urea, and enriched proteins were digested with 50:1 (w/w) trypsin (Promega) for 16 h at 37 

˚C with shaking. The digestion was quenched by adding trifluoroacetic acid (TFA) to a final 

concentration of 0.4% after removing beads with spin columns. Digests were centrifuged and 

desalted using 50 mg SepPak tC18 cartridges (Waters).    

Protein digestion and peptide enrichment for sites identification 

Lyophilized lysates were transferred to new tubes and resuspended in the digestion buffer 

containing 50 mM HEPES pH=8.1, 1.6 M urea, and proteins were digested with 50:1 (w/w) trypsin 

(Promega) for 16 h at 37 ˚C with shaking. The digestion was quenched by adding trifluoroacetic 

acid (TFA) to a final concentration of 0.4%. Digests were centrifuged and desalted using 50 mg 

SepPak tC18 cartridges (Waters) before lyophilization. 

For each sample, 50 µL Neutravidin beads (Thermo) were used to enrich biotinylated 

peptides. Beads were washed 3 times by 100 mM DPBS, then incubated with peptides dissolved 

in 500 µL 100 mM DPBS for 2 h. Unbounded peptides were removed through 10 times washes 

with 100 mM DPBS, and tagged peptides were eluted in 25 mM sodium dithionite solution for 30 

min twice. Two elutes were combined and desalted as mentioned above. 

TMT labeling and peptide fractionation by HPLC 

Purified peptides were lyophilized and resuspended in 100 μL of 100 mM HEPES pH = 

8.5, and 30 μL ACN. The samples were labeled with the TMT6plex reagent (Thermo). After a 
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one-hour reaction, the excessive amount of the TMT reagents was quenched by adding 10 μL of 

5% hydroxylamine. Labeled peptides were pooled, purified, and fractionated into three fractions 

using 20/50/80% ACN. The collected fractions were further purified by the StageTip method.   

LC-MS/MS analysis for proteomic identification 

Dried peptides were resuspended in 6 µL loading solution containing 5% ACN and 4% 

formic acid (FA), and 3 µl was loaded onto a microcapillary column packed with C18 beads 

(Magic C18AQ, 5 μm, 200 Å, 75 μm x 16 cm) by a Dionex WPS-3000TPLRS autosampler 

(UltiMate 3000 Thermostatted Pulled Loop Rapid Separation Wellplate Sampler). Peptides were 

separated by reversed-phase HPLC using an UltiMate 3000 binary pump with a 150-minute 

gradient designed for the TMT-labeled peptides. The full MS and MS2 were detected in a hybrid 

dual-cell quadrupole linear ion trap – Orbitrap mass spectrometer (LTQ Orbitrap Elite, Thermo 

Scientific, with Xcalibur 3.0.63 software) using a data-dependent Top15 method. Each cycle 

included one full MS scan (resolution: 60,000) in the Orbitrap at the automatic gain control (AGC) 

target of 1*106, followed by up to 15 MS/MS for the most intense ions. Selected ions were 

excluded from further analysis for 90 s. Ions with a single or unassigned charge were not 

sequenced. MS2 scans were activated by HCD at 30% normalized collision energy with an 

isolation width of 1.2 m/z and detected in the Orbitrap cell with a resolution of 15,000.   

Database searching, data filtering, and protein quantification 

Raw data files recorded from the mass spectrometer were converted into the mzXML 

format. Mass spectra were searched using the SEQUEST algorithm (version 28) (Eng et al., 1994) 

against a human proteome (Homo sapiens) database encompassing sequences of all proteins 

downloaded from UniProt (https://www.uniprot.org/taxonomy/9606). Each protein sequence was 

listed in both forward and reversed orientations to estimate the false discovery rate (FDR) of 
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peptide and protein identifications. The following parameters were used for the search: 10 ppm 

precursor mass tolerance; 0.025 Da product ion mass tolerance; fully digested with trypsin; up to 

two missed cleavages; variable modifications: modification of cysteine (+301.153874); fixed 

modifications: TMT labeling of lysine and the N-termini (+229.1630).  

The target-decoy method (Elias and Gygi, 2007) was employed to evaluate and control the 

FDRs of peptide and protein identifications. Linear discriminant analysis (LDA) was used to 

distinguish correct and incorrect peptide identifications using numerous parameters such as XCorr, 

ΔCn, and precursor mass error. After scoring, peptides with fewer than seven amino acids in length 

were discarded, and peptides were filtered to a less than 1% FDR based on the number of decoy 

sequences in the final data set.  

The TMT reporter ion intensities in the MS2 spectra were used to quantify peptides. The 

isotopic information provided by Thermo was utilized to correct the ion intensities. The summed 

intensity for each protein was calculated based on all unique peptides from this protein in each 

sample. 

In order to evaluate the site localization confidence, a ModScore was calculated for each 

labeled cysteine site167, which applies a probabilistic algorithm that considers all cysteines in a 

peptide and uses the presence of MS/MS fragment ions unique to each cysteine site to evaluate the 

confidence of localization when the best site match is compared with the next best one. Sites with 

ModScore > 13 (p < 0.05) were considered to be confidently localized. For quantification, only 

peptides with at least one confidently localized site were used. Because cysteine is a relatively rare 

amino acid, most peptides have only one site identified. 

Bioinformatic analysis 
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Biological process, cellular component, and molecular function analysis of the identified 

S-2-carboxypropylated proteins were carried out through DAVID bioinformatics.111 Sequence 

preference motif was generated by pLogo algorithm.163 

Western blotting analysis 

The protein HNRNPU and histone H3 were detected by antibody. The enriched sample or 

input sample were subjected to SDS-PAGE and transferred to nitrocellulose membrane followed 

by blocking with 5% non-fat milk for 1 h. Next, the membrane was incubated either with the 

primary anti-HNRNPU antibody or anti-Histone H3 antibody at 4 ℃ overnight. After washing 

with TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20) for 3 times (5 minutes for each), 

the membranes were then incubated with secondary antibody at room temperature for 1 h. The 

membranes were then washed for three times (5 minutes for each) with TBST and developed by 

enhanced chemiluminescence detection system according to the manufacturer’s protocols and 

scanned by chemiluminescence scanner. 

Transfection, PMAA labeling and enrichment of the protein HNRNPU 

HEK293T cells were plated and cultured until 70% confluence and the transient 

transfection of the plasmid hnRNPU (pcDNA3.1-hnRNPU-V5, plasmid# 35974, addgene) was 

conducted by Lipofectamine 3000 (ThermoFisher SCIENTIFIC, Product #L3000008) according 

to the manufacture’s protocol followed by 48 h of incubation. The whole cellular proteins were 

prepared following the aforementioned procedure. 

PMAA labeling of the protein HNRNPU followed the above-described protocol. Briefly, 

100 μg cellular proteins were incubated with 2 mM PMAA at 37 ℃ for 12 h. The whole proteins 

were then precipitated with 5-fold ice-cold acetone and the precipitated proteins were collected by 

centrifugation at 5000 g for 10 min at 4 ℃, washed by ice-cold methanol for three times. The 
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resulting proteins were resuspended by PBS with 0.4% SDS. The protein solutions were then 

subjected to CuAAC reaction. For CuAAC reaction, the proteins were mixed with click cocktail 

containing 50 μM azide-diazo-biotin, 2.5 mM sodium ascorbate, 0.5 mM copper sulfate and 0.25 

mM ligand BTTAA. After 1 h incubation at room temperature, the proteins were further 

precipitated to remove excess azide-diazo-biotin and then redissolved in PBS with 0.2% SDS.  

High-capacity streptavidin agarose was first equilibrated by PBS and then incubated with 

the protein sample for 1 h with gentle agitation. Next, the resins were collected by centrifugation 

at 5000g for 5 minutes and washed with PBS supplemented with 0.2% (w/v) SDS, PBS 

supplemented with 0.1% (w/v) of SDS and 6M urea and 50 mM of NH4HCO3 supplemented with 

0.1% of SDS. Then, the resins were incubated with 25 mM of Na2S2O4 in 50 mM NH4HCO3 for 1 

h to elute the protein off the beads. The mixture was then centrifuged at 5000g for 5 minutes and 

the supernatant was collected and dried by SpeedVac and redissolved in 100 μL SDS loading 

buffer. The solution was then subjected to SDS-PAGE running and western blotting analysis. 

Protein reaction and Immunoprecipitation of the protein HNRNPU 

HNRNPU overexpression and the whole cellular protein extraction were following the 

aforementioned procedures. 100 μg HNRNPU overexpressed cellular proteins were incubated with 

either 1 mM sodium methacrylate or 1mM MC-CoA at 37 ℃ for 12 h. The resulted samples were 

subjected to immunoprecipitation for HNRNPU enrichment by Protein G Plus-agarose (Santa Cruz 

Biotechnology, Product# sc-2002) following the standard protocol. The enriched proteins were 

separated by SDS-PAGE and the gel bands were cut for LC-MS/MS analysis. 

In gel digestion, LC-MS/MS analysis of the modification sites on the protein HNRNPU 

The gel bands were sliced into small pieces, and then rinsed with 50% acetonitrile/20 mM 

ammonium bicarbonate (~pH 7.5-8) twice.  The gel pieces were dehydrated by adding 100% of 
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acetonitrile and dried out by a SpeedVac.  A various amount of trypsin solution (0.01 µg/µL in 20 

mM 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% acetonitrile/0.1% formic acid twice.  The extracts were dried 

down by a SpeedVac. 

The mass spectrometry analyses were performed on a Thermo-Fisher LTQ Orbitrap Elite 

Mass Spectrometer coupled with a Proxeon Easy NanoLC system (Waltham, MA). 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 at the flow rate 450 nL/min (0.1% formic acid as buffer A and 99.9% 

acetonitrile with .0.1% formic acid as buffer B) starts with 0% B, holds at 0%B for 2 minutes, then 

increases to 30% B in 50 minutes, to 50% B in 10 minutes, and to 95% 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 10 ions in the MS scan were selected for following CID MS/MS 

analysis.  Both MS and MS/MS scans were acquired by Orbitrap at the resolutions of 120,000 and 

15,000, respectively. Data were acquired using Xcalibur software (version 2.2, Thermo Fisher 

Scientific). Proteins identification and modification characterization were performed using 

Thermo Proteome Discoverer (version 1.4) with Mascot (Matrix Science 2.7) and Uniprot 

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

of the assignments. 
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CHAPTER 5 

SUMMARY AND FUTURE DIRECTIONS  

Protein posttranslational modifications such as lysine acetylation and acylations as well as 

cysteine modifications are important processing events, which regulate cellular processes by 

reversibly or non-reversibly adding modifying groups on protein substrates. The modifying groups 

can change the properties of the proteins and then widely influence the various biological processes 

such as transcriptional regulation, cell cycle, DNA repair, cell metabolism, signal transduction and 

inflammatory pathways. 8, 57, 91, 168 Aberrant modifications of cellular proteins correlates with lots 

of disease states, such as tumorigenesis, cardiovascular diseases, diabetes, inflammation and 

neurodegenerative diseases.169-171 Additionally, some modifications, e.g. protein acetylation and 

acylations, are modulated by their writer proteins such as lysine acetyltransferases (KATs) and the 

eraser proteins such as lysine deactylases (KDACs). The dysregulation of these regulatory 

enzymes can cause abnormal state of the modifications on their protein substrates, which can 

further lead to a variety of diseases as above mentioned. Therefore, the identification of the protein 

substrates for different protein PTMs and also the protein substrates for the regulatory enzymes, 

e.g. KATs, is greatly important for understanding the function of the protein PTMs and also KATs, 

which can further contribute to the development of effective therapeutic methods to treat related 

disorders. In this work, we sought to identify the protein substrates for one of the most important 

KATs, HAT1, elucidate the protein substrates for recent identified protein methacrylylation, and 

uncover a novel PTM, (S)-2-carboxypropylation, as well as its protein substrates. 
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The use of high-resolution tandem mass spectrometry (MS/MS) represents a significant 

improvement in the investigation of lysine acetylation. This method has enabled researchers to 

identify numerous sites of lysine acetylation, as well as thousands of protein targets that undergo 

this modification.172 However, the information for protein substrates of individual KAT is still 

limited. The major obstacle that makes the identification of the protein substrates difficult is the 

chemical inert property of acetyl group. Therefore, to overcome the problem, we synthesized a 

series of functionalized Ac-CoA reporters, including 3-azidopropanoyl CoA (3AZ-CoA), 4-

azidobutanoyl CoA (4AZ-CoA), 4-pentynoyl CoA (4PY-CoA), 5-hexynoyl CoA (5HY-CoA), and 

6-heptynoyl CoA (6HY-CoA) to label protein substrates of KATs. We mutated several bulky 

amino acids surrounding the acetyl group binding sites of HAT1 to smaller ones (i.e. alanine and 

glycine) by bump-and-hole strategy. Interestingly, we found that one mutant (e.g., HAT1-Y-282A) 

can accommodate all the functionalized chemical reporters that we generated and has no activities 

towards Ac-CoA. Additionally, we also found that 3AZ-CoA is a cell-permeable chemical probe 

which can be used for intracellular protein labeling in living cells. Combine the mutant HAT1 

(HAT1Y282A) and 3AZ-CoA for bioorthogonal labeling, we successfully identified more than 

100 protein substrates for HAT1 in the native cellular context. Functional annotation of the 

identified proteins shows that the HAT1 protein substrates are largely involved in various cellular 

pathways including transcription, translation, RNA splicing, RNA processing, protein folding, 

oxidation-reduction process, and mitochondrial regulation. The work laid a solid foundation for 

future investigation of the HAT1 function in the different cellular pathways. Additionally, the cell-

permeable bioorthogonal chemical probe, 3AZ-CoA, that we identified here, will expand the 

researchers’ toolbox for future elucidation of the protein substrates for other KATs. 
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When we worked on the identification of HAT1 protein substrates, our lab together with 

Zhao’s lab discovered a new type of histone modification, lysine methacrylylation.43 Interestingly, 

we found that HAT1 is one of the regulatory enzymes that can catalyze histone methacrylylation 

by transferring the methacrylyl group form MC-CoA to the histone proteins. However, the 

information still lacks regarding the methacrylylated proteins. Specifically, there is no evidence to 

show whether non-histone protein can be methacrylylated and also whether HAT1 can catalyze 

protein methacrylylation on non-histone proteins. And the antibody is hard to efficiently 

differentiate the two modifications. To solve the problems, we designed and synthesized a selective 

chemical probe gly-TCEP-AK targeted to methacrylylated protein but not its isomer, crotonylated 

proteins. The probe gained great selectivity on both peptides level and also complex cellular 

protein level. By using the probe, we found that there are a lot of non-histone proteins that could 

be labeled and imaged, which demonstrated that there are various non-histone methacrylylated 

proteins in cells. Since the valine is the intracellular source of MC-CoA, we also examined the 

influence of valine metabolism towards protein methacrylylation. Specifically, we found that 

valine treatment could also induce cellular protein methacrylylation and knockdown of a key 

regulatory enzyme, HIBCH, in valine metabolic pathway led to increased methacrylylation on 

several non-histone proteins. LC-MS/MS identification revealed 254 sodium methacrylate 

dependent methacrylylated proteins and 256 valine dependent methacrylylated proteins. 

Functional survey of the proteins showed that both of the sodium methacrylate and valine 

dependent proteins are involved in various biological processes but valine dependent proteins have 

more influence in mitochondrial effect. Furthermore, we found that HAT1 could also induce 

protein methacrylylation on multiple non-histone proteins. And proteomic profiling analysis 

showed that more than 1000 proteins are prominent targets for HAT1-dependent methacrylylated 
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substrates. GO analysis showed that the proteins are largely involved in multiple biological 

processes including protein transport, transcription, and cell proliferation. These findings 

suggested that methacrylylated proteins exist on multiple cellular proteins, which may regulate 

cellular functions in a broader aspect than sole chromatin. It is also found that HAT1 carried out 

protein methacrylylation on a wide range of cellular proteins beyond histones, suggesting that 

HAT1 could also regulate cellular proteins through protein methacrylylation. However, future 

studies should focus on the detailed mechanism of the influence of methacrylylation towards 

individual protein substrate. Our chemical probe, gly-TCEP-AK, can serve as a powerful tool to 

aid in further analysis. 

In the course of our investigation of the substrates’ specificity of protein lysine 

methacrylylation, we found that the double bond on MC-CoA has strong electrophilicity and could 

potentially conjugate with nucleophiles in a mild condition. Given that MC-CoA is an important 

metabolite in valine metabolic pathway in mitochondrion, we proposed that the MC-CoA may 

conjugate with cysteine on cellular proteins and form an unexplored protein modification, S-2-

carboxypropylation (C2cp). As an unexplored protein PTM, no antibody is available for the 

detection. To tackle this challenge, we synthesized the probe PMAA, and demonstrated that the 

probe can be used to profile C2cp modification on complex cellular proteins. Through proteomic 

analysis, we, for the first time, identified 403 protein targets as well as 120 cysteine residues for 

the C2cp modification. Bioinformatic analysis showed that the proteins are involved in a variety 

of biological processes including protein translation, mRNA splicing, protein stabilization and cell 

division. These important findings demonstrated that C2cp modification is also an important 

protein PTM, which can regulate cellular functions in a broad range. Moreover, we also validated 

the C2cp modification on the protein HNRNPU, which was induced by MC-CoA. The dysfunction 
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of the HNRNPU has been found to be related to neurological disorders. Therefore, this finding 

could provide an alternative mechanism for further study of the HNRNPU-related disorders. 

Although the C2cp modification has been detected, it is still unknown how it impacts the cellular 

functions and what the detailed mechanism is. In the future, it would be valuable to examine the 

C2cp modification in different cellular context, especially in cancer cells. it would be also valuable 

to determine which modification sites are more important in protein functional regulation. 

In summary, we have generated various engineered HAT1 forms and identified a robust 

cell permeable bioorthogonal reporter, 3AZ-CoA. We found one mutant, HAT1Y282A, can 

efficiently label the protein substrates combined with 3AZ-CoA. The subsequent proteomic 

analysis revealed over 100 proteins for HAT1. We also developed a bioorthogonal chemical probe, 

gly-TCEP-AK, which can be used to selectively label cellular methacrylylated proteins and 

identified hundreds of methacrylylated proteins. Moreover, we demonstrated the metabolite MC-

CoA can form S-2-carboxypropylation as a new protein PTM on multiple cellular proteins. 

Together, this work expands our understanding of protein PTMs in cellular functional regulation 

and provides valuable tools for further mechanism investigation. 
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Supplementary Figure S2.1 Examination of the recombinant wt- and eng-HAT1 proteins 

by SDS-PAGE. The eluted proteins were loaded on the gel with different volume and the gel 

was stained by Coomassie Blue staining.  

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S2.2 Summarized data for the enzymatic activities of wt-HAT and 

HAT1 mutants for different Ac-CoA analogs. (The heat map Fig. 2B is the same except that 

the numbers were removed for clarity purpose.) 
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Supplementary Figure S2.3 Mass spectra of H4-20 peptide modified by HAT1-Y282A and 

Ac-CoA analogs. (A) H4-(1-20) peptide was modified by HAT1-Y282A and 3AZ-CoA. (2N was 

removed due to laser of MALDI (B) H4-(1-20) peptide was modified by HAT1-Y282A and 4AZ-

CoA. (2N was removed due to laser of MALDI) (C) H4-(1-20) peptide was modified by HAT1-

Y282A and 4PY-CoA. (D) H4-(1-20) peptide was modified by HAT1-Y282A and 5HY-CoA. (E) 

H4-(1-20) peptide was modified by HAT1-Y282A and 6HY-CoA. (F) H4-(1-20) peptide was 

modified by HAT1-Y282A and Ac-CoA. 
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(G) 

 

Supplementary Figure S2.4 Kinetic analysis of HAT1-Y282A activity with several acyl-CoA 

analogs. (A) Graphical representation of HAT1-Y282A activity fitted to the Michaelis–Menten 

equation. (B) Fluorescence detection of HAT1-Y282A to 3AZ-CoA. (C) Fluorescence detection 

of HAT1-Y282A to 4AZ-CoA. (D) Fluorescence detection of HAT1-Y282A to 4PY-CoA. (E) 

Fluorescence detection of HAT1-Y282A to 5HY-CoA. (F) Fluorescence detection of HAT1-

Y282A to 6HY-CoA. (G) Fluorescence detection of HAT1-Y282A to Ac-CoA. 
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(A) 

(B) 

Supplementary Figure S2.5 Labeling of various H4-peptides using HAT1-Y282A. (A) 

Reactions containing 20 µM 3AZ-CoA, with or without 0.2 µM HAT1Y282A, and 40 µM H4-

peptide were incubated at 30°C for 1h and then the peptides were conjugated with TAMRA alkyne 

(catalog# TA108) by CuAAC reaction. Gel was de-stained overnight. Gel was imaged at excitation 

of 532nm and emission of 580nm. (B) Quantification of the fluorescent histone H4 peptide bands. 
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Supplementary Figure S2.6 LC-MS/MS analysis for the formation of 3AZ-CoA in HEK293T 

cells. Cells were treated with 2.5mM 3AZ-CoA and incubated for 6 h. (A) Product ions derived 

from 3AZ-CoA treatment of cell extract (865.16 m/z corresponding to 3AZ-CoA). (B) Extracted 

ion chromatogram (top) and total ion Chromatogram (bottom) of the cell extract with 3AZ-CoA 

treatment. (3AZ-CoA elution at 5.59 mins) 
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Supplementary Figure S2.7 Toxicity of 3AZ-CoA in HEK293T cells by resazurin assay. The 

cells were incubated with indicated concentration of 3AZ-CoA for 12 h. With 1mM and 2.5mM 

3AZ-CoA incubation, the cell deaths can be minimized. 
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Supplementary Figure S2.8 Validation of HAT1 substrates by immunoprecipitation and 

western blot. The Myc-DDK-HMGB2 DNA and Myc-DDK-SRSF1 DNA were separately 

transiently transfected into HEK293T cell line with or without wt-HAT1 cotransfection. After 48 

h of incubation, cells were lysed and the target proteins were immunoprecipitated with the anti-

DDK antibody. The acetylation level of HMGB2 and SRSF1 were examined with Western blot by 

using pan anti-acetyllysine antibody. 
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Supplementary Figure S2.9 Possible mechanism of 3AZ-CoA getting into cells. 3AZ-CoA was 

hydrolyzed to 3AZ-PPanSH extracellularly in serum. 3AZ-PPanSH can enter cells by passive 

diffusion. After getting into cells, 3AZ-PPanSH can be metabolically synthesized to become 3AZ-

CoA which can be utilized by cellular HAT enzymes. 
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Supplementary Table S2.1 Sequences of the forward and reverse PCR Primers of HAT1 

mutagenesis 

Primers DNA Sequences from 5’ to 3’ 

HAT1 M222A forward GCTCTTTGCGACCGTAGGCTACGCCACAGTCTATAATTAC 

HAT1 M222A reverse GTAATTATAGACTGTGGCGTAGCCTACGGTCGCAAAGAGC 

HAT1 M222G forward GCTCTTTGCGACCGTAGGCTACGGGACAGTCTATAATTAC 

HAT1 M222G reverse GTAATTATAGACTGTCCCGTAGCCTACGGTCGCAAAGAGC 

HAT1 V238A forward GACAAAACCCGGCCACGTGCCAGTCAGATGC 

HAT1 V238A reverse GCATCTGACTGGCACGTGGCCGGGTTTTGTC 

HAT1 V238G forward GACAAAACCCGGCCACGTGGGAGTCAGATGC 

HAT1 V238G reverse GCATCTGACTCCCACGTGGCCGGGTTTTGTC 

HAT1 M241A forward CGTGTAAGTCAGGCCCTGATTTTGACTCCATTTCAAGG 

HAT1 M241A reverse CCTTGAAATGGAGTCAAAATCAGGGCCTGACTTACACG 

HAT1 M241G forward CGTGTAAGTCAGGGGCTGATTTTGACTCCATTTCAAGG 

HAT1 M241G reverse CCTTGAAATGGAGTCAAAATCAGCCCCTGACTTACACG 

HAT1 A275G forward CCTACAGTTCTTGATATTACAGGGGAAGATCCATCCAAAAGC 

HAT1 A275G reverse GCTTTTGGATGGATCTTCCCCTGTAATATCAAGAACTGTAGG 

HAT1 P278A forward GATATTACAGCGGAAGATGCCTCCAAAAGC 

HAT1 P278A reverse GCTTTTGGAGGCATCTTCCGCTGTAATATC 

HAT1 P278G forward GATATTACAGCGGAAGATGGGTCCAAAAGC 

HAT1 P278G reverse GCTTTTGGACCCATCTTCCGCTGTAATATC 

HAT1 S279G forward CGGAAGATCCAGGGAAAAGCTATGTGAAATTACGAG 

HAT1 S279G reverse CTCGTAATTTCACATAGCTTTTCCCTGGATCTTCCG 

HAT1 Y282A forward CGGAAGATCCATCCAAAAGCGCCGTGAAATTACG 

HAT1 Y282A reverse CGTAATTTCACGGCGCTTTTGGATGGATCTTCCG 
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HAT1 Y282G forward CGGAAGATCCATCCAAAAGCGGGGTGAAATTACG 

HAT1 Y282G reverse CGTAATTTCACCCCGCTTTTGGATGGATCTTCCG 

The mutated codon is highlighted in yellow color. 

 

Additional Supplementary Tables can be found online at: 

https://pubs.acs.org/doi/full/10.1021/acschembio.1c00935 
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B Supporting information for Chapter 3 

 

Supplementary Figure S3.1 Study the reactivity between TCEP analogs (1-3) and sodium 

methacrylate. (A) 50 mM sodium methacrylate reacted with 10 mM t-butyl-Gly-TCEP, and after 

overnight incubation, the reaction mixture was analyzed by HPLC and ESI-MS. 71.3% of the t-

butyl-Gly-TCEP became the target molecule1, and the rest was oxidized. (B) 50 mM sodium 

methacrylate reacted with 10 mM 2t-butyl-Gly-TCEP, and after overnight incubation, the reaction 

mixture was analyzed by HPLC and ESI-MS. 72.2% of the 2t-butyl-Gly-TCEP became the target 

molecule2, and the rest was oxidized. (C) 50 mM sodium methacrylate reacted with 10 mM 3t-

butyl-Gly-TCEP, and after overnight incubation, the reaction mixture was analyzed by HPLC and 

ESI-MS. 74.1% of the 3t-butyl-Gly-TCEP became the target molecule3, and the rest was oxidized. 

(D) The column graph shows the percentage conversion of the TCEP analogs. 
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Supplementary Figure S3.2 Study the reactivity between TCEP probes (4-6) and Boc-

crotonyl-lysine. (A) 50 mM Boc-crotonyl-lysine reacted with 10 mM TCEP, and after overnight 

incubation, the reaction mixture was analyzed by HPLC and ESI-MS. The left peak represents the 

target molecule (TM4) and the right peak represents the left Boc-crotonyl-lysine. (B) 50 mM Boc-

crotonyl-lysine reacted with 10 mM Gly-TCEP-AK, and after overnight incubation, the reaction 

mixture was analyzed by HPLC and ESI-MS. The left peak represents the target molecule (TM5) 

and the right peak represents the left Boc-crotonyl-lysine. (C) 50 mM Boc-crotonyl-lysine reacted 

with 10 mM 2Gly-TCEP-AK, and after overnight incubation, the reaction mixture was analyzed 

by HPLC and ESI-MS. The left peak represents the target molecule (TM6) and the right peak 

represents the left Boc-crotonyl-lysine. (D) The column graph shows the percentage conversion of 

the TCEP probes. 

 

Dataf ile Name:50boc-cro+10tcep-1.lcd
Sample Name:1

10.0 12.5 15.0 17.5 min

0

1000

2000

3000

mV
Detector A Ch2 254nm 

Dataf ile Name:50boc-cro+10gly -tcep-ak-1.lcd
Sample Name:1

10.0 12.5 15.0 17.5 min

0

1000

2000

3000

4000
mV

Detector A Ch2 254nm 

Dataf ile Name:50boc-cro+10-2gly -tcep-ak-1.lcd
Sample Name:1

10.0 12.5 15.0 17.5 min

0

1000

2000

3000

mV
Detector A Ch2 254nm 

Left Boc-crotonyl-lysine Left Boc-crotonyl-lysine

Left Boc-crotonyl-lysine

TM4
TM5

TM6

0

20

40

60

80

100

120

4 5 6

%
Re

la
tiv

e
re
ac
tiv

iti
es

TCEP analogs

(A) (B)

(C) (D)



159 

1018.6

728.5

784.5

1040.6964.4

700.5 1056.5

750.5 946.6872.6
806.5 1075.6

685.4 986.5887.6770.5 919.5 1094.5841.5

0

1000

2000

3000

4000In
te

ns
. [

a.
u.

]

700 800 900 1000 1100 1200
m/z

TM
(A)

1112.6

1102.6

1058.6768.5
1048.6

784.5 967.5 1159.7735.5 1134.6910.4 940.4872.6 1088.61003.6977.4849.4717.3 833.4 957.5 1031.1

0

1000

2000

3000

4000

5000

6000

In
te

ns
. [

a.
u.

]

750 800 850 900 950 1000 1050 1100 1150
m/z

TM

Left Metha-peptide

(B)



 

160 

 

 

Supplementary Figure S3.3 MALDI-mass spectra of the reaction mixtures between TCEP 

analogs (4-6) and methacrylylated peptide h4(2-8)k5metha. (A) 1 mM methacrylated peptide 

(h4(2-8)k5metha) reacted with 4 mM probe 4 at 37℃ in 100mM Tris buffer (pH 8) for 16 hrs. (B) 

1 mM methacrylated peptide (h4(2-8)k5metha) reacted with 4 mM probe 5 at 37℃ in 100mM Tris 

buffer (pH 8) for 16 hrs. (C) 1 mM methacrylated peptide (h4(2-8)k5metha) reacted with 4 mM 

probe 6 at 37℃ in 100mM Tris buffer (pH 8) for 16 hrs.  
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Supplementary Figure S3.4 MALDI-mass spectra of the reaction mixtures between TCEP 

analogs (4-6) and crotonylated peptide h4(1-20)k5cro. (A) 1 mM crotonylated peptide h4(1-

20)k5cro reacted with 4 mM probe 4 at 37℃ in 100mM Tris buffer (pH 8) for 16 hrs. (B) 1 mM 

crotonylated peptide h4(1-20)k5cro reacted with 4 mM probe 5 at 37℃ in 100mM Tris buffer (pH 

8) for 16 hrs. (C) 1 mM crotonylated peptide h4(1-20)k5cro reacted with 4 mM probe 6 at 37℃ in 

100mM Tris buffer (pH 8) for 16 hrs.  
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Supplementary Figure S3.5 Study the labeling activity of Gly-TCEP-AK with cellular 

methacrylylated proteins. (A) Detection of methacrylylated protein by Gly-TCEP-AK in a time 

dependent manner. HEK293T cells were incubated with 20 mM sodium methacrylate for 24 hrs 

and the lysate proteins were reacted with 4 mM Gly-TCEP-AK with varied time, followed by click 

reactions. (B) Dose dependent sodium methacrylate treatment to HEK293T cells for protein 

methaccrylylation. HEK293T cells were incubated with 10 and 20 mM sodium methacrylate for 

24 hrs and the extracted proteins were labeled by Gly-TCEP-AK. (C) Detection of the pH tolerance 

of the reaction between Gly-TCEP-AK and methacrylylated proteins. HEK293T cells were 

incubated with 20 mM sodium methacrylate for 24 hrs and the cell lysate proteins were then 

reacted with Gly-TCEP-AK in varied pH.  
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Supplementary Figure S3.6 Overlapped proteins for Met-Na dependent and valine 

dependent methacrylylated proteins.  

 

 

Supplementary Figure S3.7 Detection of valine dependent methacrylylation in MEF cells. 

33T and 36T cells were incubated with 20 mM valine for 24 hrs. The whole cellular proteins were 

labeled with Gly-TCEP-AK. HAT1 expression level was determined by anti-HAT1 antibody. 
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13C-NMR (MeOD, 500 MHz) 1 
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1H-NMR (MeOD, 500 MHz) 2 

 

13C-NMR (MeOD, 500 MHz) 2 
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1H-NMR (MeOD, 500 MHz) 3 

 

13C-NMR (MeOD, 500 MHz) 3 
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1H-NMR (MeOD, 500 MHz) 5 

13C-NMR (MeOD, 500 MHz) 5 
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1H-NMR (MeOD, 500 MHz) 6 

 

13C-NMR (MeOD, 500 MHz) 6 
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C Supporting information for Chapter 4 
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Supplementary Figure S4.1 Mass spectra of MC-CoA modified by cysteine, cysteamine, and 

coenzyme A. (A) 1 mM MC-CoA reacted with 1 mM cysteine at 37 ℃ for 4 h. (B) 1mM MC-

CoA reacted with 1mM cysteamine at 37 ℃ for 4 h. (C) 1mM MC-CoA reacted with 1mM 

coenzyme A at 37 ℃ for 4 h.  

Supplementary Figure S4.2 Mass spectra of MC-CoA modified by a cysteine-containing 

peptide, glutathione. 1mM MC-CoA reacted with 1mM glutathione at 37 ℃ for 4 h. 
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Supplementary Figure S4.3 Competitive labeling of PMAA by PIBA and sodium isobutyrate. 

(A) The HEK293T cell lysate protein was incubated with indicated concentration of the probe

PIBA or PMAA at 37 ℃ for 4 h. (B) The HEK293T cell lysate protein was pretreated with PIBA 

or sodium isobutyrate for 2 h and then incubated with 1 mM PMAA at 37 ℃ for another 4 h.  
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Supplementary Figure S4.4 Evaluation of the probe PMAA labeling in different cell lines. 

The cellular protein extracted from 36T, HCT116 and Hela cells were reacted with 1 mM PMAA 

at 37 ℃ for 12 h.   

 

 

Supplementary Figure S4.5 Competitive labeling of PMAA by the endogenous S-2-

carboxypropylation. (A) HEK293T cells were incubated with 10 mM or 20 mM valine at 37 ℃ 

for 24 h, and then the cellular proteins were reacted with 1 mM PMAA at 37 ℃ for 12 h. (B) 

HEK293T cells were incubated with 10 mM or 20 mM sodium methacrylate at 37 ℃ for 24 h, and 

then the cellular protein were reacted with 1 mM PMAA at 37 ℃ for 12 h.  
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Supplementary Figure S4.6 Enrichment of the PMAA labeled protein. The HEK293T cellular 

proteins were reacted with 4 mM PMAA or 4 mM PIBA at 37 ℃ for 16 h, and then the labeled 

proteins were further reacted with azide-diazo-biotin and pull-down by streptavidin beads. The 

eluted proteins were then imaged by silver staining. 
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