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Abstract

Dietary unsaturated fatty acids, such as oleic acid, have been shown to be covalently incorporated 

into a small subset of proteins but the generality and diversity of this protein modification has not 

been studied. We synthesized unsaturated fatty acid chemical reporters and determined their 

protein targets in mammalian cells. The unsaturated fatty acid chemical reporters can induce the 

formation of lipid droplets and be incorporated site-specifically onto known fatty-acylated proteins 

and label many proteins in mammalian cells. Quantitative proteomics analysis revealed that 

unsaturated fatty acids modify similar protein targets to saturated fatty acids, including several 

immunity-associated proteins, which demonstrates unsaturated fatty acids may directly modify 

many proteins to exert their unique and often beneficial physiological effects in vivo.

Graphical abstract

Unsaturated fatty acid chemical reporters are incorporated site-specifically onto known fatty-

acylated proteins and label many proteins in mammalian cells. Quantitative proteomics analysis 

revealed that unsaturated fatty acids modify similar protein targets to saturated fatty acids
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Protein fatty-acylation, such as S-palmitoylation, N-myristoylation, O-fatty acylation and 

lysine (Lys) side-chain fatty-acylation, are important posttranslational modifications that 

regulate the trafficking and function of membrane-associated proteins in eukaryotes.[1,2] 
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Recent proteomic methods have revealed a greater diversity and number of fatty-acylated 

proteins, and highlighted new functions and regulatory mechanisms for these lipid-modified 

proteins.[2–4] Several methods have been developed to visualize and capture fatty-acylated 

proteins. One approach builds upon traditional radioactive fatty acids, and employs alkyne-

tagged fatty acids for metabolic feeding followed by bioorthogonal labeling of cell lysates 

with azide-fluorophores or affinity tags for detection or enrichment, respectively. This 

method has been widely used to characterize N-myristoylated,[5–8] S-palmitoylated,[5,9–11] 

O-palmitoylated,[12] Lys-fatty-acylated proteins,[13,14] as well as GPI-anchored proteins[6] in 

a wide range of cell lines and organisms depending on the fatty acid reporter chain length.[4] 

For example, alkyne-fatty acid reporters alk-12 (C12:0) preferentially labels N-

myristoylated proteins,[5–7] while alk-16 (C16:0) labels S-palmitoylated proteins as well as 

N/O-fatty-acylated proteins.[5,9–11]

Despite these advances in chemical proteomics, the covalent addition of unsaturated fatty 

acids to proteins has not been systematically explored. The composition of fatty acids, 

saturated versus unsaturated, can significantly affect the behavior of cells and yield 

drastically different physiological responses in vivo.[15] For example, high levels of 

saturated fatty acids are associated with inflammatory diseases and metabolic syndrome,[15] 

while unsaturated fatty acids often yield protective effects in vivo.[16] Since unsaturated fatty 

acids have also been reported to covalently modify a few proteins in mammalian cells such 

as Fyn, Gα-protein, GAP43, Ras,[17–19] Wnt[20] and others,[19,21–23] dietary unsaturated 

fatty acids may also be broadly incorporated into many proteins. To investigate the covalent 

modification of proteins with unsaturated fatty acids, we synthesized chemical reporters of 

monounsaturated fatty acids that function similarly to oleic acid in mammalian cells and 

demonstrate these monounsaturated fatty acid reporters can label diverse proteins in 

mammalian cells, which may directly affect the function of fatty-acylated proteins.

The synthesis of cis-unsaturated alkynyl-fatty acids can be achieved by Wittig coupling of 

the phosphoylide and alkynyl-aldehydes of varying chain length (SI Figure S1). We 

envisioned that the exact chain length (C18, alk-16:1) would be a reasonable mimic of oleic 

acid in cells. Nevertheless, we also synthesized a previously reported analog of oleic acid, 

alk-17:1,[24] as well as an analog bearing two additional carbons (alk-18:1) (Scheme 1). 

Within cells, oleic acid was shown to induce lipid droplets.[25] Analysis of the formation of 

lipid droplets with Nile Red (lipid droplet-selective dye) staining in LPS/IFN-γ stimulated 

Raw264.7 macrophages demonstrates that the unsaturated fatty acid reporters, but not 

alk-16, can generate lipid droplets (Figure 1, SI Figure S2). These observations are 

consistent with previous studies that demonstrate that alk-17:1 is primarily incorporated into 

triacylglycerides (TAGs), which are the main components of lipid droplets in mammalian 

cells.[24] Interestingly, only alk-16:1 could induce comparable levels of lipids droplets at 

similar concentrations to oleic acid, suggesting that this unsaturated fatty acid reporter is a 

better mimic of the natural lipid substrate. Induction of lipid droplets in NIH/3T3 fibroblast 

gave comparable results (SI Figure S3).

Next, we evaluated if the unsaturated fatty acid reporters could label HRas, a S-

palmitoylated protein[26] which has been shown to be modified with oleic acid.[19] HeLa 

cells were transfected with wild-type (wt) HA-HRas, labeled with the fatty acid reporters, 
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immunoprecipitated, reacted with azido-rhodamine, analyzed by in-gel fluorescence and 

western blot (Figure 2A). Unsaturated fatty acid reporters can specifically label HRas at 

comparable level to alk-16 (Figure 3A). Since oleic acid had been shown to modify S-

palmitoylated Cys residues of HRas,[19] we also evaluated Cys181,184Ser mutants of HRas. 

No fluorescence labeling was observed with either fatty acid reporters, indicating that the 

unsaturated fatty acid reporters are specifically incorporated into key S-fatty acylation sites 

of HRas.

We then evaluated the scope of protein labeling with the unsaturated fatty acid reporters. 

Protein labeling with alk-16:1 in Raw264.7 macrophages occurred in a time- and dose-

dependent manner (SI Figure S4A). Importantly, fluorescence labeling of proteins with 

alk-16:1, alk17:1 and alk18:1 decreases with increasing amounts of oleic acid, suggesting 

that the reporters mimic the natural lipid substrate (SI Figure S4B). Interestingly, alk16:1 

labeling can also be competed with palmitic acid, but alk-16 labeling can only be competed 

with palmitic acid and not with oleic acid (SI Figure S4C and 4D). Labeling with alk-16:1, 

alk-17:1 and alk-18:1 appeared to be partially NH2OH-sensitive, suggesting that, similarly 

to alk-16, these unsaturated fatty acid reporters can be attached to Cys residues (SI Figure 

S4E). In-gel fluorescence analysis of proteins labeled with the unsaturated (alk-16:1, 

alk-17:1, alk-18:1) and saturated (alk-16, a palmitic acid chemical reporter) fatty acid 

reporters demonstrates that the unsaturated fatty acid chemical reporters covalently label 

many proteins (Figure 2B). The in-gel fluorescence protein labeling patterns are highly 

similar between the fatty acid reporters in different cell types (SI Figure S5), suggesting that 

these saturated and unsaturated fatty acids share many protein targets.

To identify the proteins modified by unsaturated fatty acids in mammalian cells, we 

performed LFQ proteomics (n= 4 biological replicates) in activated Raw264.7 macrophages 

(SI Table S1). Cells were stimulated with LPS/IFN-γ for 12 h and treated with oleic acid, 

alk-16, alk-16:1, alk17:1 or alk18:1 for 8h, similarly to the conditions used for the induction 

of lipid droplets. The data was highly reproducible between replicates (SI Figure S6). 

Following statistical analysis to identify only proteins labeled over background (oleic acid) 

(two sample test, permutation-based, 250 permutations, FDR = 0.001 and s0 value = 2), the 

data was further classified in high, medium and low confidence based on peptide LFQ and 

spectra counts (SI methods and SI Table S4). Out of the 347 proteins identified with high/

medium confidence in the alk-16 labeled sample, 270 proteins had been identified in 

previous proteomics datasets.[27] Interestingly, alk-16, alk-16:1, alk17:1 and alk18:1 shared 

many proteins substrates (SI Figure S7).

To identify if proteins were differentially labeled by alk-16 or alk-16:1, we performed a 

permutation-based t-test (250 permutations, FDR 0.05, s0 of 1) (Figure 3A). Out of the 

>1000 proteins identified in both samples, 13 proteins were significantly more enriched in 

the alk-16 sample, including CANX[27] and proteins known to be N-myristoylated,[7] or 

GPI-anchored. The analysis of this proteomic dataset for known S-palmitoylated proteins, 

suggests that S-palmitoylated proteins are preferentially labeled by saturated fatty acids 

(Figure 3A). Gene ontology annotation of proteins identified by proteomics (SI Table 1) 

showed that several proteins were involved in the immune response, including IFITM3, a 

known S-palmitoylated proteins key in the host response to virus infection,[28,29] which 
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antiviral activity may be modulated by oleic acid.[30] To confirm that IFITM3 could be 

modified by oleic acid, cells were transfected with wt and palmitoylation deficient mutant 

(C71,72,105A) HA-IFITM3. HA-IFITM3 can be labelled by both alk-16 and alk16:1 

specifically on Cys residues (Figure 3B). Similar results were obtained with alk-17:1 and 

alk-18:1 (SI Figure S8). Taken together, these results demonstrate that many proteins can be 

modified with unsaturated fatty acids in mammalian cells treated with high levels of 

unsaturated fatty acid.

Conclusions

Protein fatty-acylation is prominent and can occur in different forms to regulate cellular 

functions. We have described an improved oleic acid reporter (alk-16:1) and demonstrate 

unsaturated fatty acid reporters can site-specifically label known S-fatty-acylated proteins in 

mammalian cells. Quantitative analysis of the fatty acid reporter-modified proteins showed 

that S-fatty-acylated proteins are preferentially labeled by saturated fatty acids, suggesting 

the enzymes that regulate these dynamically lipid-modified proteins prefer saturated fatty 

acid substrates in cells. Nonetheless, our studies demonstrate unsaturated fatty acids can 

label many proteins in mammalian cells, suggesting these dietary fatty acids may directly 

regulate protein function by covalent modification when incorporated at high levels.
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Figure 1. 
(A) Alkyne-tagged reporters of unsaturated fatty acids, alk-16:1, alk-17:1 and alk-18:1 (B) 

Analysis of lipid droplet induction by Nile red staining. RAW264.7, stimulated for 8 h with 

LPS/IFN-γ, were treated with DMSO, oleic acid (18:1), alk-16:1, alk-17:1 and alk-18:1 

(200 μM) before being fixed with formaldehyde, stained with Nile Red and analyzed by 

confocal fluorescence microscopy. Cells are present in alk-16 samples, as judged by bright 

field images, but no Nile Red staining was observed.
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Figure 2. 
(A) HeLa were transfected with HA-tagged HRas (wt and C181,184S mutant) for 24h. 4h 

before lysis, cells were treated with alkyne-tagged fatty acid, immunoprecipitated, and 

reacted with az-rhodamine. Chemical reporters (alk-16:1, alk-17:1, alk-18:1) label HA-HRas 

on key Cys residues. Anti-HA western blot is included as a loading control. (B) In-gel 

fluorescence analysis of −/+ LPS/IFN-γ stimulated Raw264.7 treated with oleic acid (18:1), 

alk-16, alk-16:1, alk-17:1, alk-18:1 (50 μM, 4 h). Coomassie staining was included as a 

loading control.
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Figure 3. 
(A) Volcano plot representing results of the label-free quantitative proteomics analysis of 

proteins labeled by alk-16 and alk-16:1 in LPS/IFN-γ stimulated Raw264.7 (n=4 biological 

replicates). Dashed lines represent the t-test significance cut-off (Benjamini–Hochberg FDR 

0.05, s0 of 1). The majority of proteins (light grey dots) are not differentially enriched by 

one of the reporter. 13 proteins were significantly enriched in the alk-16 sample, including 

proteins known to be N-myristoylated (blue), S-palmitoylated (red) or have a GPI-anchor 

(green). S-palmitoylated only refers to proteins reported as S-palmitoylated in Uniprot or 

have been shown to be S-palmitoylated using targeted studies.[27] Only proteins identified 

with medium or high confidence (significantly enriched over background (oleic acid treated 

cells)) are shown. Proteins more enriched in the alk-16 or alk-16:1 treated samples have a 

negative (left) or positive (right) t-test difference respectively. (B) Validation of IFITM3 

labeling by the alkynyl-reporters of unsaturated fatty acid alk-16:1. HeLa cells were 

transfected with HA-IFITM3, labeled with alk-16 or alk-16:1, lysed, immunoprecipitated 

and reacted with azido-rhodamine.
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Scheme 1. 
Chemical reporter strategy for functional analysis of protein modified by unsaturated fatty 

acids. Alkyne-tagged reporters of unsaturated fatty acids, alk-16:1, alk-17:1 and alk-18:1 can 

metabolically label proteins in live cells. Following cell lysis, labelled proteins can be 

captured by an azido-functionalized reagent via CuAAC for fluorescence detection or 

enrichment for proteomics analysis.

Thinon et al. Page 9

Chembiochem. Author manuscript; available in PMC 2017 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical abstract
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Scheme 1

