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Abstract

Protein fatty-acylation in eukaryotes has been associated with many fundamental biological 

processes. However, the diversity, abundance and regulatory mechanisms of protein fatty-

acylation in vivo remain to be explored. Herein, we review the proteomic analysis of fatty-acylated 

proteins, with a focus on N-myristoylation and S-palmitoylation. We then highlight major 

challenges and emerging methods for direct site identification, quantitation, and lipid structure 

characterization to understand the functions and regulatory mechanisms of fatty-acylated proteins 

in physiology and disease.

Graphic abstract

Introduction

Protein fatty-acylation describes the covalent attachment of diverse fatty acids onto a variety 

of amino acid residues on proteins, including N-myristoylation, S-palmitoylation (or called 

S-fatty-acylation), Nε-fatty-acylation, O-fatty-acylation (e.g., O-palmitoleylation and O-

octanoylation), glycosylphosphatidylinositol (GPI)-anchor modification, and C-

phosphatidylethanolaminylation (Figure 1) [1]. N-myristoylation and S-palmitoylation are 

the two most prominent forms of protein fatty-acylation (Figure 1A, B), comprising the 

addition of myristate, a 14-carbon saturated fatty acid, and palmitate, a 16-carbon saturated 

fatty acid, onto N-terminal glycines and cysteines of proteins, respectively. Serine and 

threonine residues can also be modified by different fatty acids, such as O-palmitoleylation 

and O-octanoylation (Figure 1C, D). In addition, fatty-acylation also occurs on the epsilon-

NH2 groups of lysine side chains (Figure 1E). C-phosphatidylethanolaminylation is a less 

prevalent form of fatty-acylation, which involves conjugation of phosphatidylethanolamine 

to the C-terminal glycine residue of LC3/Atg8, a key protein in autophagy (Figure 1F). Fatty 
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acids can also be attached to the C-termini of proteins post-translationally through 

glycosylphosphatidylinositol (GPI) anchors.

Fatty-acylation can not only target proteins to specific membrane compartments, but also 

broadly influence protein-protein interactions and protein activity [2]. As a result, protein 

fatty-acylation is now well-recognized to regulate a variety of biological processes in 

eukaryotes, such as cell division and differentiation, synaptic transmission, immunity, and 

more [2].

Historically, protein fatty-acylation was difficult to study largely due to lack of specific 

antibodies and limited detection methods. To overcome these limitations, selective chemical 

labeling methods have been developed to tag specific forms of protein fatty-acylation [1,3]. 

For example, fatty acid chemical reporters have provided an efficient approach for non-

radioactive detection and large-scale analysis of fatty-acylated proteins when combined with 

bioorthogonal reactions and mass spectrometry-based proteomics (Figure 2A). Fatty acid 

chemical reporters contain unique chemical functionality (e.g., alkyne or azide) and can be 

metabolically incorporated into fatty-acylated proteins [4]. The alkyne or azide tag 

introduced into fatty-acylated proteins allows bioorthogonal reactions with either 

fluorophores for rapid and sensitive visualization of fatty-acylated proteins by in-gel 

fluorescence imaging or affinity tags (e.g., biotin) for selective enrichment and large-scale 

proteomic identification (Figure 2A). This chemical reporter strategy has been widely 

employed for the global analysis of N-myristoylated and S-palmitoylated proteins, and can 

in principle be used for other fatty-acylated proteins [5]. Alternatively, S-fatty-acylated 

proteins can also be selectively labeled and enriched by the acyl-biotin exchange (ABE) 

protocol, which exploits the hydroxylamine (NH2OH) sensitivity of thioester bonds in S-

palmitoylated proteins (Figure 2B) [6,7]. ABE encompasses reduction of disulfide bonds, 

capping of free cysteines with N-ethyl maleimide (NEM), cleavage of thioester bonds with 

NH2OH, capture of newly liberated cysteines with HPDP–biotin, streptavidin pull-down, 

and elution of S-acylated proteins for western blotting or proteomic analysis. An improved 

version of ABE that requires fewer steps, i.e., acyl resin-assisted capture (acyl-RAC), has 

recently been developed [8]. Following capping and NH2OH treatment, newly liberated 

cysteines are captured on thiosepharose resin via the formation of disulfide bonds, which 

can subsequently be reduced to elute captured proteins.

The selective chemical methods have allowed the large-scale analysis of fatty-acylated 

proteins, especially N-myristoylated and S-palmitoylated proteins, in different cell-types and 

animals. Notably, more than 300 fatty-acylated proteins have been identified to date, 

suggesting broader roles of fatty-acylation in regulating eukaryotic biology than previously 

appreciated [2]. In this review, we summarize the large-scale N-myristoylome and S-

palmitoylome profiling studies, with a focus on those appeared in the past two years, and 

discuss the current status and unmet challenges for proteome-wide analysis of other fatty-

acylated proteins. We then highlight emerging chemical biology and proteomic methods for 

higher resolution analysis of fatty-acylated proteins and close with an outlook on future 

developments needed in the fatty-acylation field.
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N-myristoylation profiling

Protein N-myristoylation is catalyzed by N-myristoyltransferases (NMTs) that use 

myristoyl-CoA and typically modify N-terminal glycine residues of proteins co-

translationally [9]. Alternatively, post-translational N-myristoylation can occur during 

apoptosis following caspase cleavage of proteins to expose N-terminal glycine residues. N-

myristoylation can control protein subcellular localization and activity by promoting 

protein-membrane and protein-protein interactions and is involved in a wide variety of 

cellular processes, ranging from T cell activation, programmed cell death, and microbial 

infections [9].

Myristic acid analogs functionalized at the ω-position with an alkyne or azide group, such as 

alk-11, alk-12, az-11, and az-12, have been developed as chemical reporters to study N-

myristoylated proteins [10–12], which have become the method of choice for large-scale 

proteomic analysis of N-myristoylation. Comparative studies have previously shown that 

alk-12, in combination with azide-tagged fluorophores or biotin, gives minimal background 

labeling, and that alk-12 preferentially labels N-myristoylated proteins compared to longer 

chain fatty acid reporters [13,14]. However, due to highly promiscuous fatty-acylation 

machinery and fatty acid metabolism, alk-12 has also been shown to label other types of 

fatty-acylated proteins [14], including Nε-myristoylated proteins [15,16], S-palmitoylated 

proteins, and GPI-anchor modified proteins [14,17], which can complicate N-myristoylome 

profiling studies. To differentiate N-myristoylated proteins from other fatty-acylated 

proteins in proteome-wide studies using alk-12 labeling, several strategies have been 

applied. The first strategy involves combination of potent NMT inhibitors with alk-12 

labeling and quantitative proteomic analysis to quantify the relative abundance of alk-12-

labeled proteins in response to NMT inhibitors, which therefore allows reliable 

identification of NMT substrates (i.e., N-myristoylated proteins). The application of this 

approach to live malaria parasites identified more than 30 NMT substrates in a proteome-

wide analysis, associated with a wide range of functions that are essential for parasite 

viability [17]. Integrating alk-12-enabled quantitative proteomics with specific chemical 

inhibition of NMT was further refined and applied to globally profile co-translationally and 

post-translationally N-myristoylated proteome of human cells [18], which allowed the direct 

identification of more than 100 NMT substrates in human cells, including 40 proteins that 

are post-translationally N-myristoylated, following caspase cleavage, during apoptosis. This 

general strategy has also been applied for global analysis of protein N-myristoylation in 

parasites such as Leishmania donovani, revealing 30 high confidence NMT substrates with 

more than half uncharacterized previously [19].

In more complex systems, such as in microbe-infected mammalian cells, NMT inhibition 

may affect the viability of cells and may not be ideal for proteome-wide profiling of N-

myristoylated proteins. In this context, the criteria of possessing an N-terminal glycine can 

be utilized to filter out other fatty-acylated proteins and simplify the proteomics data for 

further analysis. This targeted analysis enabled global profiling of host N-myristoylated 

proteins that are differentially modified in cells infected with herpes simplex virus (HSV) 

[20] or human immunodeficiency virus 1 (HIV-1) [21]. Recent studies on pathogenic 

mechanisms of Gram-negative bacteria Shigella revealed that the Shigella type III secretion 
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effector invasion plasmid antigen J (IpaJ) can cleave N-myristoylated glycines of proteins to 

alter host secretion and trafficking pathways during infection [22]. To determine the protein 

substrates of IpaJ, we performed N-myristoylome profiling of mammalian protein substrates 

of IpaJ under different biological contexts using the chemical reporter method coupled with 

quantitative proteomic analysis [23]. Initial in vitro comparative proteomics of alk-12-

labeled cell lysates that were treated with recombinant IpaJ indicated that majority of N-

myristoylated proteins are IpaJ substrates in vitro, which suggested N-myristoylated glycine 

as the minimal element required for IpaJ substrate recognition and proteolysis. Nonetheless, 

a subsequent whole-cell N-myristoylome profiling on alk-12-labeled cells that were infected 

with wild-type or IpaJ deletion Shigella strain demonstrated that IpaJ specifically targets 

Golgi-associated ARF/ARL family GTPases in the context of Shigella infection. Taken 

together, these large-scale studies greatly advance our understanding of N-myristoylation 

and also highlight the utility of N-myristoylome profiling for unbiased analysis of drug 

targets and specific enzymes.

S-palmitoylation profiling

S-palmitoylation (or called S-fatty-acylation) is a reversible modification that is mediated by 

a family of Asp-His-His-Cys (DHHC)-containing protein acyltransferases (DHHC-PATs) 

encoded by ZDHHC genes (7 in yeast and ~23 in mammals) and removed by acyl-protein 

thioesterases (APTs) [24]. The dynamic cycling between S-palmitoylated and non-

palmitoylated states is well-recognized as an important mechanism for regulating protein 

trafficking, activity, stability, and even protein-protein interactions. Moreover, the 

dysregulation of protein S-palmitoylation and de-palmitoylation cycle is associated with a 

range of human diseases, including cancer, infectious diseases, and neurodegenerative 

disorders [25,26].

Over the past decade, tremendous advances have been made towards large-scale S-

palmitoylation profiling using ABE method [7] and fatty acid chemical reporters (e.g., 17-

octadecynoic acid (17-ODYA), or called alk-16) [5]. These two methods are largely 

complementary and provide unique coverages of S-palmitoylated proteins. ABE allows 

selective analysis of S-palmitoylated proteins from cell lysates/tissues, but does not reveal S-

palmitoylation dynamics and distinguish S-palmitoylated proteins from other thioester-

modified proteins, such as intermediates in ubiquitin conjugation pathway [27]. In contrast, 

the chemical reporter method enables examination of S-palmitoylation dynamics by classic 

pulse-chase labeling and selective analysis of fatty-acylated proteins, but requires metabolic 

labeling of cells with exogenous fatty acid analogs and also labels other fatty-acylated 

proteins, such as N-myristoylated proteins, Nε-myristoylated proteins, and GPI-anchor 

modified proteins. Indeed, a recent study using both methods for global analysis of S-

palmitoylome in a major human malaria parasite, Plasmodium falciparum, showed that these 

two methods together provided overlapped lists of S-palmitoylated proteins with high 

confidence [27].

ABE and chemical reporter strategy, especially when combined with cutting-edge mass 

spectrometry-based proteomic analysis, has made the large-scale global analysis of S-

palmitoylated proteins more robust. Indeed, more than 20 large-scale S-palmitoylome 
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profiling studies have been published from 2006 to 2013 [28], identifying hundreds of new 

S-palmitoylated candidate proteins and suggesting broader roles of S-palmitoylation in 

regulating biology across different organisms than previously appreciated. For instance, the 

first S-palmitoylome profiling study applied the ABE method to the yeast Saccharomyces 

cerevisiae, identifying 35 new S-palmitoylated proteins and revealing the diverse enzymatic 

specificities of individual PATs for the first time [7]. Later, a global analysis of rat neural S-

palmitoylome using the ABE method identified more than 200 new S-palmitoylated protein 

candidates with diverse functions, ranging from ion channels to vesicular trafficking factors 

[29]. Subsequent assessment of S-palmitoylation dynamics in drug-induced neural activity 

models further highlighted increasing roles of S-palmitoylation in regulating synaptic 

function. Alternatively, S-palmitoylome profiling studies in dendritic cells (DC2.4) using 

alk-16 chemical reporter identified more than 150 candidate S-palmitoylated proteins and 

revealed that S-palmitoylation is crucial for the antiviral activity of interferon-induced 

transmembrane protein 3 (IFITM3) [30] as well as the activity of Toll-like receptor 2 

(TLR2) [31], highlighting an important role for S-palmitoylation in the control of immune 

responses [32]. In addition, alk-16-mediated S-palmitoylome profiling of fission yeast in 

different stages of cellular differentiation revealed that precise control of a single 

palmitoyltransferase (Erf2) expression level can quantitatively regulate the fatty-acylation of 

specific proteins such as Rho3 GTPase and help drive meiotic entry in Schizosaccharomyces 

pombe [33]. As noted above, the chemical reporter method is especially useful for 

examining S-palmitoylation dynamics. Large-scale analysis of global S-palmitoylation 

dynamics using alk-16 and quantitative SILAC (Stable Isotope Labeling with Amino Acids 

in Cell Culture) proteomics has been also performed and revealed that majority of proteins 

are stably S-palmitoylated, while a subset of proteins involved in cell signaling undergoes 

rapid S-palmitoylation and de-S-palmitoylation cycles [34]. Quantitative proteomics with 

ABE and SILAM (Stable Isotope Labeling of Mammals) has also enabled protein S-

palmitoylation profiling in more complex biological samples, such as in a mouse model of 

Huntington’s disease [35], which revealed that S-palmitoylation in the supporting glial cells 

may contribute to the pathogenesis of Huntington’s disease. Overall, these studies highlight 

the utility of large-scale S-palmitoylation profiling studies to uncover its new functions and 

regulatory mechanisms in eukaryotes.

In the past two years, several new S-palmitoylome profiling studies have also been reported. 

For example, S-palmitoylation chemical reporters have been used to systematically analyze 

protein S-palmitoylation of host cells during herpes simplex virus (HSV) [20] or human 

immunodeficiency virus 1 (HIV-1) [21] infection. Interestingly, a fraction of host S-

palmitoylated proteins, including regulators of interferon and tetraspanin-family proteins, 

was selectively suppressed during HSV infection [20]. In addition, a number of HSV 

proteins, such as glycoproteins and kinases, were shown to be S-palmitoylated during 

infection, suggesting an important role of S-palmitoylation in viral pathogenesis. In another 

study, the ABE method has been coupled with 16O/18O-labeling during trypsin digestion for 

quantitative analysis of the S-palmitoylome of primary human T cells, identifying a set of 

280 proteins as robustly palmitoylated [36]. S-palmitoylome profiling of Cryptococcus 

neoformans with alk-16 labeling identified many fatty-acylated proteins and helped 

characterize how a specific palmitoyltransferase (i.e., pfa4) contributes to the cell wall 

Peng et al. Page 5

Curr Opin Chem Biol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



morphology and virulence of this fungal pathogen [37], suggesting specific and potent 

DHHC-PAT inhibitors could be useful for treating fungal infections. Fatty acid reporter 

profiling with alk-16 has also enabled global analysis of protein S-palmitoylation in 

Toxoplasma gondii and revealed several new fatty-acylated proteins involved in parasite 

motility, morphology, and host cell invasion [38].

To integrate S-palmitoylation literature and recent proteomic profiling studies, an online 

database SwissPalm (http://swisspalm.epfl.ch/) has been established [39], which currently 

encompasses 5199 S-palmitoylated protein hits from seven species and 535 validated S-

palmitoylation sites. Researchers can now readily search for proteins of interest through 

multiple published S-palmitoylomes in the SwissPalm platform to determine whether 

specific proteins may be S-palmitoylated, predict their S-palmitoylation sites, as well as 

identify orthologues and potential functions. In a similar study, the proteomics data from 15 

mammalian S-palmitoylome profiling studies were curated into a single compendium of S-

palmitoylated proteins, making these large dataset readily accessible to researchers [40]. 

Notably, bioinformatic analyses of these combined datasets have further highlighted 

emerging roles of S-palmitoylation in neurological disorders, cancer, and infectious diseases. 

Together, these combined databases represent extremely valuable resources and will greatly 

facilitate S-palmitoylation studies.

Proteomic analysis of other fatty-acylated proteins

The proteomic analysis of other fatty-acylated proteins have not been explored so 

extensively, but are beginning to emerge using metabolic labeling and selective chemical 

enrichment strategies.

O-fatty-acylation

Limited examples of O-fatty-acylation (Figure 1C, D) have been discovered. Amongst this 

class of fatty-acylated proteins, Wnt proteins are dually fatty-acylated; for example, Wnt3a 

is S-palmitoylated on a conserved Cys residue (Cys77) and modified with palmitoleic acid, a 

monounsaturated C16-fatty acid, on a conserved serine (Ser209) by Porcupine, a membrane-

bound O-acyl transferase [41,42]. Other members of the Wnt families, such as xenopus 

Wnt8 [43] and Wnt1 [44], are also modified by palmitoleic acid on a Ser residue. O-fatty-

acylation is essential for the secretion and the function of Wnt proteins [42]. Wnt proteins 

are conserved signaling molecules essential during embryogenesis and adult tissue 

homoeostasis. In addition, dysfunctions in Wnt signaling are implicated in many diseases, 

including cancer [45] and degenerative diseases [46]. Therefore, proper O-fatty-acylation of 

Wnt may also be important for development and disease progression. Other O-fatty-acylated 

proteins have also been identified, such as ghrelin, a peptide hormone modified by a C8-

fatty acid on Ser3 by GOAT (Ghrelin O-Acyltransferase) [47], as well as histone H4 protein 

which was shown to be O-palmitoylated on a Ser residue by acyl-

CoA:lysophosphatidylcholine acyltransferase (Lpcat1) [48]. Since O-fatty-acylated proteins 

are readily labeled with chemical reporters, such as az-15 [49] and alk-16 [42], these 

reagents combined with selective ester cleavage methods and proteomic analysis could 

reveal novel O-fatty-acylated proteins.
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Nε-fatty-acylation

Recently, the discovery of sirtuin-mediated deacylation of ε-N-Lys fatty-acylation (Figure 

1E) has suggested more prevalent roles for this modification beyond a few cytokines such as 

TNF-α and Interleukin-1-α [50,51]. For example, SIRT6, a sirtuin-family deacylase, was 

shown to hydrolyze specific long chain fatty acids, notably myristate, present on lysine side-

chains in mammalian cells using alk-14 metabolic labeling and in vitro biochemical assays 

[15]. Interestingly, this hydrolysis was found to be critical for facilitating the secretion of 

TNF-α. Subsequent in vitro studies revealed the specificity of the seven mammalian sirtiun 

enzymes (SIRT1 through SIRT7) to hydrolyze long-chain fatty acids present on Lys side-

chains [16,52,53]. In particular, SIRT2 was shown to also efficiently remove myristoyl 

group on Lys side-chains using a photocrosslinking chemical probe based on a Lys-

myristoylated histone H3 peptide [16], alk-14 labeling, and structural studies [53]. While 

proteomic studies of ε-N-Lys fatty-acylation have not been reported, the chemical reporter 

labeling and quantitative proteomics of sirtuin-deficient cells should reveal the diversity and 

abundance of this modification in different cell types.

C-phosphatidylethanolaminylation

C-phosphatidylethanolaminylation (Figure 1F) of proteins is not a ubiquitous form of fatty-

acylation, but is very important in regulating autophagy in eukaryotes. The major modified 

protein substrates are the ubiquitin-like protein Atg8 in yeast and its orthologues (LC3 

isoforms) in mammalian cells [54]. The resulting lipidated Atg8/LC3 facilitates generation 

of autophagosomal membranes and is essential for the biogenesis of autophagosomes. The 

abundance and regulatory mechanisms of LC3 isoforms is still under investigation and could 

also benefit from more sensitive detection and proteomic methods using chemical reporters 

and selective enrichment strategies.

GPI-anchor modification

Glycosylphosphatidylinositols (GPI) are complex glyco-lipids attached to the C-termini of 

proteins and allow modified proteins to anchor into the cell membrane. GPI-anchored 

proteins are implicated in many diseases, including prion diseases [55] and cancer [56]. 

Experimental approaches for profiling of GPI-anchor proteins at a proteome-level are still 

limited. Recently, a new method was developed to experimentally identify GPI-anchored 

proteins and their ω-modification sites [57], which involves removal of the GPI-anchor 

moieties from GPI-anchored peptides using a specific hydrolase enzyme, i.e., 

phosphatidylinositol-specific phospholipase C (PI-PLC), and aqueous hydrogen fluoride. 

GPI-anchored peptides can then be readily analyzed by mass spectrometry, therefore 

allowing identification of GPI-anchor proteins and ω-sites directly. Alternatively, other 

strategies for proteome-wide scale analysis of GPI-anchor protein took advantage of the 

chemical structure of GPI-anchors composed of a phosphoethanolamine linker, glycan core, 

and phospholipid tail, which allowed enrichment of GPI-anchored proteins through 

metabolic labeling of the lipid tail with alk-12 [17] or the glycan core with GalNAz [58], an 

azido-tagged analogue of N-azidoacetylgalactosamine. Both chemical reporters led to the 

identification of known and several novel GPI-anchored proteins in malaria parasite P. 
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falciparum and in HeLa cells, respectively. These strategies could be applied in various 

organisms to understand the diversity and abundance of GPI-anchored proteins.

Future Directions

Quantitative and specific proteomics

Significant progresses have been made over the past few years in identifying fatty-acylated 

proteins, thanks to the advances in mass spectrometry analysis and the development of 

robust tag-enrichment technologies. Large datasets of N-myristoylated and S-palmitoylated 

proteins have been generated in a wide range of organisms. However, these datasets often 

include a large number of false-positive hits due to the promiscuousness and metabolism of 

fatty-acylation reporters as discussed above, and the field now needs to generate more 

accurate datasets using quantitative chemical proteomics and more specific strategies. 

Quantitative chemical proteomics allows the identification of fatty-acylated proteins with 

higher confidence through the assessment of signal over background ratios and is now 

preferred over spectral counting [59]. In addition, chemical reporters of fatty-acylation can 

be metabolized in cells and incorporated in a variety of pathways, so more specific 

strategies, such as the combination of metabolic labeling with acyl transferase/deacetylase 

enzyme gain/loss of function or other complementary approaches, are often essential to limit 

the number of false positive hits. For instance, combination of tagging with an inhibitor of 

the fatty-acylation enzyme for N-myristoylation [17,18] or with a non-selective inhibitor of 

serine hydrolases that favors fatty acyl-bearing substrates and inhibits de-S-palmitoylation 

[34,60] has proven particularly powerful. For S-palmitoylation, advantage of the 

hydroxylamine sensitivity of the thioester linkage can also be used [61], as well as the 

combination of the two enrichment methods [27], i.e., ABE and metabolic labeling, which 

should generate higher confidence datasets of S-palmitoylated proteins.

Quantitative analysis of S-palmitoylation

Despite the recent advances in the MS/MS analysis of the fatty-acylated peptides, it remains 

challenging to identify the number of fatty-acylation sites and the site occupancy. The 

quantitation of fatty-acylation levels on specific proteins and modification sites is crucial for 

understanding functional consequences in vivo. To address these challenges, recent mass-

shift based labeling methods such as PEG-switch assay [62] or acyl-PEGylation Exchange 

(APE) (unpublished results of our laboratory) has enabled sensitive detection of endogenous 

S-palmitoylation levels of specific proteins by western blotting analysis (Figure 2C). 

Following cell lysis and capping of free cysteines with maleimide, lysates were treated with 

a 5 kDa PEG-maleimide in the presence of hydroxylamine, which can hydrolyze the 

palmitate moiety. This method allows the addition of a 5 kDa mass tag for each S-

palmitoylation site. SDS-PAGE followed by western blotting analysis of the protein of 

interest showed several band shifts, corresponding to the number of S-palmitoylation sites. 

Importantly, the method allows semi-quantitative analysis of the site occupancy by 

quantification of the several band shifts observed by western blot and should complement 

large-scale proteomic studies.
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Site-identification

While site mutagenesis is often used to identify sites of fatty-acylation, this approach is only 

straightforward for proteins with a limited number of putative acylated sites such as N-

myristoylation. Site-identification can be very difficult for other types of fatty-acylation 

such as S-palmitoylation and Nε-fatty-acylation that involve multiple Cys or Lys residues for 

modification. Over the past few years, critical advances have been made for N-

myristoylation with the development of new cleavable reagents that can be used in 

combination with an alkyne-tagged chemical reporter of N-myristoylation, alk-12, and 

allowed direct identification of the N-myristoylation sites with high confidence [17,18,63]. 

In this regard, multifunctional affinity reagents comprising an azido group, a rhodamine 

fluorophore, a biotin moiety, and an arginine or lysine residue have been developed [63]. 

After metabolic labeling of N-myristoylated proteins with alk-12, bioorthogonal reaction 

with the multifunctional affinity reagent, streptavidin purification, and trypsin proteolysis, 

alk-12-tagged N-myristoylated peptides were enriched and then released by trypsin from the 

affinity matrix for mass spectrometry analysis. In a pioneering study, 69 alk-12-tagged N-

myristoylated peptides were directly identified in Hela cells, suggesting the robustness of 

this approach for high-confidence identification of N-myristoylated proteome [63]. In 

principle, these reagents could be applicable to detect other amide-linked post-translational 

modifications, but the ionization method might need to be optimized to detect S-

palmitoylation or O-fatty-acylation due to the instability of the thioester and ester bonds. In 

addition, limited successes have been achieved for S-palmitoylation site characterization 

using an indirect strategy based on the acyl-RAC [8,20] or ABE strategy [64], sometimes in 

combination with thiol-reactive cleavable isotope-coded affinity tag (cICAT) reagents or 

iTRAQ reagents. The main challenges will be to improve the sample preparation to 

overcome low abundance of the modified peptide and high hydrophobicity of the fatty-

acylated peptide. Notably, S-palmitoylation often occurs in or in close proximity to a 

transmembrane domain, making the tryptic peptide highly hydrophobic and most likely 

being lost during sample preparation.

MS/MS analysis of fatty-acylated peptides

Direct MS/MS analysis of the intact endogenous fatty-acylated peptide is important to 

confirm that the protein is fatty-acylated, to identify or validate the structure of the fatty acid 

present at the native level, as well as to determine the site occupancy. Analysis of the 

modified peptides should be one of the priorities of the field in the next few years. While 

alkyne/azido-tagged fatty acids are known to mimic the natural lipid substrates, they could 

be metabolized to shorter/longer or unsaturated fatty acid in cells but might still be able to 

label the protein of interest. This metabolized fatty-acid modification might differ from the 

fatty-acylation occurring at endogenous level. Furthermore, other modifications could 

compete with the fatty acid of interest, such as S-nitrosylation for S-palmitoylation, and it is 

currently difficult to understand the scope and relevance of this competition. Direct and 

large-scale analysis of fatty-acylated peptides remains challenging due to the high 

hydrophobicity of the fatty-acylated peptide, poor ionization during MS analysis, and 

instability of the fatty acid linkage during sample preparation or ionization [65]. Recently, 

LC-MS analysis of synthetic S-palmitoylated peptides has been reported after careful 
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optimization of sample preparation and LC-MS conditions. It was found that S-palmitoyl 

groups are largely retained in the presence of TCEP (tris(2-carboxyethyl)phosphine) in 

neutral Tris buffer, but are significantly lost in the presence of DTT (dithiothreitol) in 

ammonium bicarbonate buffer. In addition, ETD (electron transfer dissociation) was found 

to be the best fragmentation method for S-palmitoylated peptide analysis among several 

ionization methods tested [65]. In another study, a synthetic lipidated peptide standard was 

also used to optimize LC-MS conditions, which were then adapted to quantify changes in S-

palmitoylation site occupancy of purified endogenous pulmonary surfactant protein SP-C 

[66]. MALDI analysis also allowed to analyze the modified peptides for N-myristoylation 

and S-palmitoylation but quantification of the site occupancy is limited [67–70].

Fatty acid structure analysis

There is increasing evidence that fatty acids of various chain lengths and structures 

(unsaturation) can replace the well-characterized fatty acids (e.g., myristate, palmitate, 

plamitoleic, and octanoate) for protein modification. Several studies have shown that a wide 

range of dietary and cellular fatty acids could be incorporated at the N-myristoylation site or 

S-palmitoylation site of Fyn as well as other S-palmitoylated proteins such as GAP [67,68]. 

Furthermore, recent studies showed that the influenza virus hemagglutinin can be S-acylated 

with stearate [71] and palmitate. These previously overlooked long-chain fatty-acids might 

be competitive in regulating protein localization and function. MS/MS analysis of fatty-

acylated peptide, together with the development of corresponding chemical reporters, should 

provide a better understanding of these novel fatty-acylation forms. Alternatively, to 

overcome the issues of fatty-acylated peptide analysis, the fatty acid can be hydrolyzed from 

the protein of interest and compared with fatty acid standards or analyzed directly by GC-

MS [72,73]. However, this method often requires high purity and large amount (>1 μg) of 

the protein of interest [73] and determination of the site occupancy is not possible.

Fatty-acylation-dependent protein interactions

Characterizing the protein complexes and cellular pathways controlled by specific fatty-

acylated proteins remains a major frontier. To identify S-palmitoylated membrane protein 

complexes, a bifunctional 18-carbon palmitic acid reporter containing an internal diazirine 

and a terminal alkynyl group, x-alk-16, was developed (Figure 3) [74]. This bifunctional 18-

carbon palmitic acid reporter metabolically labels S-palmitoylated proteins and can 

covalently trap protein complexes in cells by UV-crosslinking prior to cell lysis. This 

bifunctional reporter was used in mammalian cells in combination with quantitative 

proteomics to study S-palmitoylated IFITM3-interacting proteins and revealed known 

IFITM3-interacting proteins, such as VAPA, as well as novel interacting proteins, which 

could be key cellular factors for host resistance to virus infection. A similar method could be 

applied to identify interacting proteins of other fatty-acylated proteins [75] and study the 

role of fatty-acylation in regulating protein–protein interactions in cells.

Summary

The development of proteomic strategies for N-myristoylation and S-palmitoylation has 

significantly expanded the scope and potential functions of these fatty-acylated proteins. The 
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application of specific chemical reporters and selective enrichment methods are poised to 

make similar breakthroughs for other classes of fatty-acylated proteins. Unravelling the 

biological significance of these newly discovered candidate fatty-acylated proteins will 

further require identification of modification sites, robust quantitation in different in vivo 

settings, and the characterization of key regulatory mechanisms, which are the major 

directions for future developments in the fatty-acylation field.
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Highlights

• Protein fatty-acylation regulates many fundamental biological processes in 

eukaryotes.

• Chemical proteomics has expanded the potential functions of protein fatty-

acylation in biology.

• New methods are needed for direct identification of fatty-acylation sites and 

characterization of covalently attached lipids.

• Quantitative methods are desired for functional characterization of fatty-

acylation regulatory mechanisms.
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Figure 1. 
Fatty-acylated proteins in eukaryotes. A) N-myristoylation. B) S-palmitoylation. C) O-

palmitoleylation. D) O-octanoylation. E) Nε-fatty-acylation. F) C-

phosphatidylethanolaminylation.
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Figure 2. 
Methods for proteomic and quantitative analysis of fatty-acylated proteins. A) Fatty acid 

chemical reporter labeling. X = S, NH, O. B) Chemical enrichment of S-palmitoylated 

proteins. C) NH2OH-mediated acyl-PEGylation exchange (APE) for quantitative analysis of 

S-palmitoylation.
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Figure 3. 
Photocrosslinking of fatty-acylated protein-protein interactions.
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