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Abstract

Thousands of proteins are subjected to posttranslational modifications that can have dramatic 

effects on their functions. Traditional biological methods have struggled to address some of the 

challenges inherit in the unbiased identification of certain posttranslational modifications. As with 

many areas of biological discovery, the development of chemoselective and bioorthogonal 

reactions and chemical probes has transformed our ability to selectively label and enrich a wide 

variety of posttranslational modifications. Collectively, these efforts are making significant 

contributions to the goal of mapping the protein modification landscape.

Introduction

Posttranslational modifications (PTMs) augment the chemical diversity of proteins, which is 

otherwise typically limited by the naturally-occurring amino acids and the underlying 

genetic code. A wide array of enzymatic and chemical modifications, ranging from simple 

side-chain oxidations to the addition of large polysaccharides, have been shown to 

dramatically alter the biochemical and biophysical properties of proteins. Despite the 

documented importance of individual PTMs in cellular biology, the proteome-wide 

identification of specific PTM substrates remains challenging. PTMs can be 

substoichiometric, dynamically regulated and heterogeneous in their structure, making their 

analysis and identification particularly difficult. During the past two decades, chemical 

methods have significantly contributed to the identification and analysis of 

posttranslationally-modified proteins. In general, these techniques can be broadly classified 

into two categories, which both enable the installation of visualization or affinity tags:

1. Methods that use chemoselective reactions to exploit the unique chemical-reactivity 

of the posttranslational modifications themselves (Figure 1A).
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2. Strategies to install abiotic probes (chemical reporters, Figure 1B) that can be 

selectively subjected to a range of bioorthogonal reactions (Figure 2).

In parallel, the development of more sensitive mass spectrometers and increasingly 

sophisticated computer-algorithms for peptide identification have enabled the routine 

proteomic identification of thousands of proteins from individual complex-samples. Coupled 

with complementary ionization chemistries and quantitative methods, mass spectrometry 

can offer high sensitivity, modification-site identification and the ability to quantify changes 

in PTM occupancy. Here, we review the currently available chemical-strategies to enrich 

and identify posttranslationally-modified proteins in mammalian cells and highlight their 

recent applications. For a more comprehensive review of the particular advantages of 

chemical reporters or the scope of bioorthogonal chemistries, we direct readers to excellent 

summaries elsewhere [1,2]. We end with an summary of future challenges and opportunities 

that when met will expand the utility of chemical approaches for the study of specific PTMs.

Glycosylation

There are two major types of protein glycosylation that modify large numbers of protein 

substrates in metazoan and plant cells [3]. Proteins localized to the secretory pathway and 

the cell surface, or secreted into the extracellular space, can be modified by oligosaccharide 

structures (e.g., N-linked and mucin O-linked glycosylation). Additionally, intracellular 

proteins can be substrates for the addition of the single monosaccharide N-acetyl-

glucosamine, termed O-GlcNAc modification. Bioinformatic studies suggest that more than 

50% of mammalian proteins are glycosylated, and these glycans play diverse cellular roles. 

Extracellular glycans can alter the half-life of circulating proteins and mediate cellular 

contacts with proteins, neighboring cells and pathogens, while intracellular glycosylation 

can affect protein localization and signal transduction. The inherent limitations in 

characterizing these diverse modifications, prompted the development of the Staudinger 

ligation and the first azide-bearing metabolic chemical reporter, N-azdioacetyl-mannosamine 

(Figure 3A), for the detection of sialic acids [4]. Together with the creation of other 

bioorthogonal reactions, this simple idea was extended to other azide- and aklyne-analogs of 

monosaccharides for the detection of mucin O-linked glycoproteins (Figure 3B), fucose-

modified glycans (Figure 3C) and O-GlcNAcylated proteins (Figure 3D) [5].

Many types of cancer display altered levels of both sialic acid and mucin O-linked glycans. 

Treatment of highly metastatic prostate cancer with Ac4ManNAz (Figure 3A) allowed for 

the identification of cell-surface proteins, the majority of which were implicated in cell 

motility, migration and invasion, supporting a potential role for sialic acid in metastasis [6]. 

In a separate study, a prostate cancer cell-line was treated with Ac4GalNAz to enable the 

enrichment and identification of 29 cell-surface glycoproteins, including many proteins 

involved in cell adhesion [7]. More recently, Ac4GalNAz (Figure 3B) was used in 

combination with iTRAQ (isobaric tag for relative and absolute quantitation) to enrich and 

compare the secreted mucin glycoproteins from two different CHO cell-lines [8], 

demonstrating that these chemical reporters could be used in the future to compare cellular 

glycoproteins from two states (e.g., cancer vs. normal tissue).
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O-GlcNAc modification of serine and threonine residues is an abundant modification of 

proteins in the cytosol, nucleus and mitochondria. Unlike cell-surface glycosylation, O-

GlcNAcylation is a dynamic modification that plays critical roles in cellular responses to 

changes in metabolism and stress, particularly in diseases such as cancer, diabetes and 

neurodegeneration [9]. The first metabolic chemical reporter of O-GlcNAcylation was 

peracetylated N-azidoacetyl-glucosamine (Ac4GlcNAz, Figure 3D) [10], which was recently 

used to identify over one-thousand potentially O-GlcNAcylated proteins from a single cell-

line and confirm the modification sites on 80 of these substrates [11]. To provide improved 

signal-to-noise in the CuAAC bioorthogonal reaction, the alkyne-analog N-pentynyl-

glucosamine (GlcNAlk, Figure 3D) has also been developed and revealed the O-GlcNAc 

modification of the ubiquitin ligase NEDD4 [12]. This chemical reporter was also used to 

identify O-GlcNAcylated proteins associated with diabetic retinopathy [13]. As an 

alternative to metabolic methods, a chemoenzymatic method has been developed (Figure 

3E). Specifically, incubation of cell-lysates with an engineered β-1,4-galactosyltransferase 

and azide- or ketone-containing UDP-donor sugar results in modification of O-GlcNAc 

residues [14]. The resulting disaccharide can then be subjected to bioorthogonal labeling for 

visualization and proteomics. For example, this chemoenzymatic chemical reporter was 

recently used in conjunction with a photo-cleavable biotin tag to enrich and identify 274 O-

GlcNAcylated proteins and 458 specific O-GlcNAc modification sites on 195 proteins [15].

Recently, research has also focused on the effects of metabolic cross-talk between 

glycosylation pathways on the cellular fate of different metabolic chemical reporters. For 

example, it has been shown that UDP-GalNAz and UDP-GlcNAz can be enzymatically 

interconverted in living cells [12,16], allowing the proteomic identification of O-

GlcNAcylated proteins from cells treated with Ac4GalNAz [17]. While Ac4GalNAz-

treatment appears to label O-GlcNAcylated proteins more robustly under some conditions 

[16], its lack of specificity requires cell fractionation to separate O-GlcNAcylated and mucin 

O-linked glycoproteins. Overcoming this limitation, treatment with peracetylated 6-azido-6-

dexoy-N-acetyl-glucosamine (Ac36AzGlcNAc, Figure 3D) was recently shown to 

selectively label O-GlcNAcylated proteins [18]. Notably, using biochemistry and proteomics 

the same study demonstrated that 6AzGlcNAc is the most selective for O-GlcNAcylation, 

followed by GlcNAz and finally the relatively nonspecific GalNAz. These results suggest 

that selective metabolic chemical reporters of other types of glycoproteins could be 

developed in the future.

Lipidation

Lipid modification of proteins regulates membrane affinity, localization and trafficking for 

cell signaling [19]. The types of lipid modification are diverse and their covalent attachment 

to proteins has uncovered a complicated network of membranes and lipidated proteins that 

are central to basic cellular function and human disease. Their inherent complexity has 

pressured the development of specific and sensitive methods to probe their function and 

identify modified substrates.

Myristoylation and palmitoylation are two classes of fatty-acylation events that occur both 

during translation and posttranslationally. Myristoylation is the irreversible, covalent 
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attachment of a 14-carbon fatty acid to a protein's N-terminus via an amide linkage, while 

palmitoylation typically involves the reversible addition of a 16-carbon fatty acid by 

palmitoyl transferases to cysteine residues on target proteins via a thioester linkage. 

Classically, fatty-acylation has been studied using metabolic radiolabeling (4H or 14C); 

however, radioactivity usually requires days to weeks to visualize modified proteins and 

offers no opportunities for their selective enrichment and identification [20]. To overcome 

these limitations, azide and alkyne fatty-acids have been developed [19]. Recently, Alk-12 

(13-tetradecynoic acid, Figure 4A) was used in combination with a biotin-enrichment tag to 

identify mrysitoylated proteins in the malaria pathogen P. falciparum, including several 

proteins that are important for the parasite's life cycle and disease transmission [21]. In a 

similar fashion, 17-octadecynoic acid (Alk-16, Figure 4B) has been particularly useful for 

the proteomic identification and subsequent characterization of palmitoylated proteins. For 

example, Alk-16 enabled global proteomic profiling in a mouse dendritic cell-line and 

identified 150 potentially palmitoylated proteins. This included several new palmitoylation 

substrates, such as the innate immune effector IFITM3, which the authors demonstrated 

requires fatty-acylation for its anti-viral activity [22]. Subsequent proteomic-profiling of 

Jurkat T cells with Alk-16 and two other alkyne fatty-acids (Alk-12 and Alk-14) highlighted 

the selectivity of different length alkyne fatty-acids for different modifications (i.e., Alk-12 

for myristoylation and Alk-16 for palmitoylation) [23]. More recently, Alk-16 was 

combined with stable isotope labeling in cell culture (SILAC) to perform quantitative 

proteomics and demonstrated that some palmitoylation events are very stable over time, 

while others are rapidly removed from substrate proteins [24]. As an alternative to 

bioorthogonal chemistry, the thioester linkage of S-palmitoylation enables the use of 

chemoselective reactions to perform a “biotin switch” [25]. This method, termed acyl-biotin 

exchange (ABE, Figure 4C), involves the alkylation of free cysteine residues with N-

ethylmaleimide, followed by treatment with hydroxylamine, which cleaves any palmitate 

thioesters revealing sulfhydryl groups that can be selectively modified with biotinylation 

reagents. Most notably, this method was used for the identification of palmitoylated proteins 

in yeast [26] and then in neurons [27], including a palmitoylated Cdc42-isoform that plays a 

important role in the induction of dendritic spines [27]. Recently, this approach was also 

used to identify palmitoylation candidates in B lymphocytes [28] in malaria parasites [29] 

and in tissue from a mouse model of Huntington's disease [30].

S-Prenylation is an irreversible addition of an isoprenoid, either 15-carbon farnesyl or 20-

carbon geranylgeranyl to one or two C-terminal cysteines of a protein through a thioether 

linkage that effects 2% of the proteome in mammals [31]. Typically, these modifications are 

found near the C-terminus of proteins where they are critical for localization to the cell 

membrane [31]. Like fatty-acids, alkyne derivatives of isoprenoids have also been created 

[32,33]. Recently, an alkyne-farnesol (Figure 4D) permitted a large-scale enrichment of 

isoprenoid-modified proteins in a macrophage cell-line that identified both known and 

unpredicted S-prenylated proteins [34]. Notably, these proteomic data served as a starting 

point to demonstrate that S-farensylation is important for the localization and antiviral 

activity of zinc-finger antiviral protein (ZAP).
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Acetylation

Acetylation of lysine residues is a dynamic posttranslational modification closely associated 

with epigenetic changes to gene transcription [35], as well as the regulation of non-

chromatin associated proteins [36]. Proteome-wide studies using anti-acetyl lysine 

antibodies have unveiled ∼4700 human acetylation sites, making the investigation of the 

dynamics of these modifications and the substrate specificity of acetyltransferases and 

deacetylases an important goal. An alkyne analog of acetate, 4-pentynoic acid, has been 

shown to be chemical reporter of lysine acetylation in living cells and in vitro. Treatment of 

a variety of cell lines with sodium 4-pentynoate resulted in metabolic labeling of a wide 

range of proteins, enabling the proteomic identification of both known lysine-acetylated 

proteins, like histones, and new potential substrates [37]. Additionally, synthetically 

prepared 4-pentynoyl-CoA (Figure 5A) is a substrate for purified p300 acetyltransferase, 

enabling the identification of transferase-specific substrates from cell lysates [38]. 

Acetylation can also occur on the N-terminus of proteins and serine and threonine side-

chains through an ester linkage. This raises the possibility that these chemical reporters 

could be used to investigate these acetylation events that would not be recognized by anti-

acetyl lysine antibodies.

Other types of lysine acetylation events, including propinylation, butyrylation, malonylation 

and succinylation, can also occur [39]. While it is not completely clear if these modifications 

are a result of enzymatic addition or simply chemical acetylation from their corresponding 

high-energy CoA thioesters, several of them are reversible through action of the sirtuin 

deacylases. Towards applying chemical reporters to the investigation of these modifications, 

a alkyne-analog of malonylation, 2-propargyl malonate (Mal-yne, Figure 5B) has recently 

been developed [40]. Notably, due to the low cell-permeability of Mal-yne, the small 

molecule was masked as a pro-reporter through the introduction of acetoxymethyl protecting 

groups that are removed by endogenous lipases in living cells. Treatment of HeLa cells with 

this pro-reporter (Mal-AMyne) enabled the identification of 375 potential substrates, 

including 14 previously confirmed malonylated proteins. Some small-molecules contain 

electrophilic acetates that can be chemically transferred to protein substrates. For example, 

aspirin (acetylsalicylic acid), a nonsteroidal anti-inflammatory drug (NSAID) commonly 

used for the treatment pain, is known to acetylate proteins by transfer of its acetate group to 

amino acid side-chains [41]. Recently, aspirin-dependent acetylation was investigated using 

an alkyne-aspirin chemical reporter (AspAlk, Figure 5C) that replaced the electrophilic 

acetate-group with 4-pentynoic acid [42]. Treatment of HCT-15 cells with AspAlk allowed 

for the identification of 120 potentially aspirin acetylated proteins including core histone 

proteins H2B and H3, implicating aspirin as a potential modulator of gene transcription.

Methylation

The reversible addition of one or more methyl groups to lysine and arginine side-chains is a 

critical posttranslational modification in chromatin biology and other cellular processes 

[43,44]. The methyl donor for the methyl transferase reaction is the cofactor S-adenosyl-L-

methionine (SAM, also referred to as AdoMet). The first chemical reporters of protein 

methylation were two alkyne-analogs of SAM (e.g., AdoEnYn in Figure 6A) [45,46]. 

Chuh and Pratt Page 5

Curr Opin Chem Biol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Notably, these two chemical reporters displayed selective turnover by different 

methyltransferases, raising the possibility that orthogonal chemical-reporter/transferase pairs 

could be developed to interrogate substrate specificity. In this regard, a series of 

differentially-sized azide- and alkyne-analogs of SAM have been characterized [47]. 

Notably, several of these compounds were not substrates for wild-type methyltransferases 

but were utilized by rationally-engineered methyltransferase mutants, following a “bump-

hole” strategy. This enabled the selective identification of >500 methylation substrates of the 

closely related lysine methyltransferases EuHMT1/2 [48]. Unfortunately, the poor 

permeability of the SAM analogs restricted their use in live cells. To overcome this 

limitation, the SAM biosynthetic pathway has been recently engineered [49]. Specifically, 

an alkyne-analog of SAM can be generated in living cells that express a mutant SAM 

synthetase when they are treated with the corresponding cell-permeable alkyne-analog of 

methionine. Although the aforementioned methionine-based SAM reporters are functional, 

they are subject to degradation at physiological pH and result in nonspecific labeling. To 

overcome this, a more stable selenium-based SAM reporter was developed that can be 

utilized by both lysine and arginine methyl transferases in vitro [50]. It was subsequently 

demonstrated that a propargylic, selenium-containing SAM analog (ProSeAM) was 

compatible with native PMTs in whole-cell lysate, enabling the identification of 297 

potentially methylated proteins, many of which were novel [51]. Combining all of these 

tools should facilitate the identification of specific methyltransferase substrates in living 

cells in the future.

ADP-ribosylation

ADP-ribosylation is the posttranslational addition of ADP-ribose from a nicotinamide 

adenine dinucleotide (NAD) donor to a range of different amino acid side-chains [52]. The 

modification is added by adenosine diphosphate ribosyltransferases (ARTDs) and can 

consist of a single ADP-ribose (mono-ADP-ribosylation) that can be subsequently extended 

into poly-ADP-ribosylation that can be as much as 200 units in length. Although the role of 

ADP-ribosylation has been characterized in DNA repair, other biological functions are 

relatively unknown and isolation of the ADP-ribosylated proteome would prove useful for 

their elucidation. Towards this goal, 6- and 8-alkyne-NAD analogs have been developed 

(Figure 6B) [53,54]. Incubation of cell lysates with 6-alkyne-NAD and recombinant ARTD1 

(PARP1) enabled the identification of 70 potentially novel ADP-ribosylated proteins 

including many mitochondrial proteins [54]. Very recently, orthogonal 6-alkyne-NAD/

ARTD pairs have been engineered to identify the direct substrates of specific ARTDs [55]. 

Using a “bump-hole” strategy, a ethyl-substituent was added to the C-5 position on the 

nicotinamide moiety of NAD, which could only be accepted by a corresponding mutant 

ARTD (K903A). Treatment of nuclear extracts with these orthogonal pairs made possible 

the proteomic identification of hundreds of specific substrates of either ARTD1 or ARTD2, 

including 42 proteins that were unique ARTD1 substrates.

AMPylation

The covalent and dynamic addition of adenylyl 5′-monophosphate through a phosphodiester 

bond (AMPylation) is a posttranslational modification installed by bacterial virulence 
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factors (AMPylators) that are secreted into the mammalian host during infection where they 

modify target proteins to change their function in mammalian cells [56]. An alkyne-

containing ATP analog, termed N6-propargyl adenosine-5′-triphosphate (N-6-propargyl-

ATP, Figure 6C), was developed for the detection, enrichment and identification of 

AMPylated proteins [57]. N-6-propargyl-ATP is accepted by the known bacterial 

AMPylator VopS and was transferred on to a known target protein Cdc42 in a dose-

dependent manner, and N-6-propargyl-ATP was transferred by other AMPylators to proteins 

in HeLa cell-lysate, suggesting that it is a general reporter. Finally, N-6-propargyl-ATP was 

used to identify AMPylation substrates at endogenous levels in whole-cell lysates, and 

therefore should be useful in characterization of AMPylated proteins in many biological 

systems.

Cysteine Oxidation

Oxidation of cysteine residues by reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) is a dynamic posttranslational event that affects many protein classes and 

contributes to changes in signal transduction pathways and gene transcription [58]. Its 

importance in cellular biology has prompted the development of chemical methods to 

investigate the protein targets of two types of cysteine oxidation, suflenation and 

nitrosylation. Oxidation of the thiol group of cysteine amino acid side-chain to sulfenic acid 

(Cys-SOH) is a posttranslational modification caused by highly reactive ROS in a cellular 

environment. In fact, oxidants such as hydrogen peroxide (H2O2) have been characterized as 

a small signaling molecules due to their ability to oxidize cysteine side-chains and cause 

change in protein function. The first chemical-method for identifying sulfenylated 

substrates, relied on the chemoselective reduction of sulfenic acids to carry out a “biotin-

switch.” Specifically, any non-modified cysteine side-chains are first alkylated, followed by 

transformation of suflenic acids to thiols using arsenite. Finally, reaction with biotin-

maleimide enables the enrichment of previously sulfenylated proteins. This method was 

applied to identify novel protein targets of oxidation in rat cardiac tissue and kidney after 

treatment with H2O2 [59,60]. More recently, a direct method for the detection utilized an 

alkyne-modified dimedone (5,5-dimethyl-1,3-cyclohexanedione) probe (Figure 6D) that 

selectively react with sufenic acids to form stable thioethers [61]. This probe has been used 

to identify many proteins modified with sulfenic acid, including an oxidation event that 

activates the kinase EGFR [61]. S-Nitrosylation occurs when nitric oxide (NO) reacts with 

cysteine side-chains, and like sulfenylation, it can be detected using a “biotin-switch.” In 

this case, selective reduction of nitrosylation is achieved using ascorbate. The resulting free 

thiols can then be reacted with biotinylating reagents or directly with an affinity-resin for 

enrichment and proteomic identification [62,63].

Conclusions and future outlook

Chemical methods have significantly contributed to the investigation of protein 

modifications by enabling the isolation of specific PTMs for subsequent identification by 

mass spectrometry. In particular, the development of bioorthogonal reactions and chemical 

reporters has streamlined the application of chemistry to several different classes of PTMs 

but challenges and opportunities remain. Additionally, Modification of metabolites with 
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bioorthogonal groups has the potential to affect their cellular metabolism or alter 

endogenous metabolic pathways. Therefore, a more detailed investigation of the metabolism 

and enzymatic interconversion of metabolic chemical reporters is needed to fully understand 

what specific types of PTM are being enriched using a particular reagent. However, it also 

provides unique opportunities to use changes in chemical structure to develop specific 

chemical reporters [18] and potentially map metabolic pathways [64]. Several cofactor-

based reporters (e.g., 6-alkyne-NAD) can only be applied in cell lysates due to poor 

membrane permeability or chemical instability and would benefit from the continued 

engineering of biosynthetic pathways to enable experiments in living cells [49]. To 

complement chemical reporters, future work should also focus on the development of new 

chemoselective or enzymatic reactions that directly tag a specific PTM with bioorthogonal 

reactive groups or enrichment tags. Beyond identifying modified proteins, site-identification 

of many PTMs remains a significant challenge, since some modifications are unstable 

during MS/MS fragmentation and/or can be heterogeneous in their structure. This challenge 

needs to be met with collaborative efforts to improve and disseminate alternative ionization 

approaches in mass spectrometry (e.g., electron transfer dissociation) and computer 

algorithms to retain and then unambiguously identify PTMs. Finally, its is worth noting that 

the identification of any modified protein using any technique, either chemical or biological, 

needs to be biochemically confirmed before embarking on detailed mechanistic studies.
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Highlights

• Posttranslational modifications (PTMs) increase the chemical diversity of 

proteins

• The unbiased identification of some PTM substrates remains challenging

• Several chemical methods have been developed to tackle this challenge
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Figure 1. Chemical Methods to tag and enrich posttranslationally modified proteins
(A) Some posttranslational modifications (PTMs) can be specifically reacted with 

enrichment tags using chemoselective reactions. (B) Bioorthogonal reactions in combination 

with chemical reporters enable the installation of affinity tags. Chemical reporters can either 

be incorporated into PTMs using cellular metabolism or appended to existing PTMs using 

enzymes or selective chemical reactions.
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Figure 2. Bioorthogonal reactions occur selectively between two abiotic functional-groups
(A) The Staudinger ligation allows for the coupling of azides with triarylphosphine reagents. 

(B) The Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) gives a stable triazole product 

from azides and alkynes. This common bioorthogonal reaction can be performed in both 

directions; however, azide-tags give reduced background signals. (C) Cyclooctyne reagents 

will react with azides in a strain-promoted azide-alkyne cycloaddition (SPAAC). (D) 

Tetrazines will undergo rapid inverse-demand Diels-Alder reactions with activated alkyenes, 

such as cyclopropenes.
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Figure 3. Chemical reporters for glycosylation
(A) Peracetylated N-azdioacetyl-mannosamine (Ac4ManNAz) labels sialic acid residues on 

cell-surface glycans. Its selectivity for these glycans is unknown. (B) Peracetylated N-

azdioacetyl-galactosamine (Ac4GalNAz) labels both mucin O-linked glycans and O-

GlcNAcylated proteins with no selectivity. (C) Peracetylated 6-ethynyl-fucose (Ac4-6-

entynyl-Fucose) labels fucose residues on cell-surface glycans. Its selectivity is also 

unknown. (D) Peracetylated N-azidoacetyl-glucosamine (Ac4GlcNAz) and peracetylated N-

pentynyl-glucosamine (Ac4GlcNAlk) label both O-GlcNAcylated proteins and cell-surface 

glycans with some selectivity for O-GlcNAcylated proteins. Peracetylated-6-azido-N-acetyl-

glucosamine (Ac36AzGlcNAc) labels O-GlcNAcylated proteins with a high-level of 

selectivity. (E) O-GlcNAcylated proteins can be labeled post-lysis using a combination of 

UDP-GalNAz and a mutant β-1,4-galactosyltransferase (GalTY289L).
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Figure 4. Chemical methods to enrich lipidated proteins
(A, B) Treatment of cells with alkyne myristic acid (Alk-12) or alkyne palmitic acid 

(Alk-16) results in labeling of N-myristoylated proteins or S-palmitoylated proteins, 

respectively. (C) Acyl-biotin exchange: S-palmitoylated proteins can be tagged post-lysis by 

using a combination of thiol- and thioester-selective reactions. (D) Treatment of cells with 

alkyne farnesol results in labeling of S-prenylated proteins.
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Figure 5. Chemical reporters of protein acetylation
(A) The cofactor 4-pentynyl-CoA is accepted by acetyltransferases to label N-acetylated 

proteins in cell-lysates, while treatment with sodium pentynoate results in labeling in living 

cells. (B) Treatment of cells with Mal-AMyne results in labeling of malonylated proteins. 

(C) An alkyne aspirin-analog (AspAlk) can be used to identify aspirin-dependent protein 

acetylation in living cells.
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Figure 6. Chemical reporters of other posttranslational modifications
(A) AdoEnYn and other SAM analogs will be transferred by engineered methyltransferases 

to label N-methylated proteins. (B) The cofactor 6-alkyne-NAD is a chemical reporter for 

ADP-ribosylated proteins in cell lysates. (C) The ATP analog N-6-propargyl-ATP will be 

transferred by AMPylator enzymes to tag AMPylated proteins in cell lysates. (D) The 

oxidation of cysteine side-chains to sulfenic acids can be enriched by selective reaction with 

alkyne-dimedone.
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