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Abstract  

Nitro-fatty acids are a class of endogenous electrophilic lipid mediators with anti-inflammatory 

and cytoprotective effects in a wide range of inflammatory and fibrotic disease models. While 

these beneficial biological effects of nitro-fatty acids are mainly attributed to their ability to 

form covalent adducts with proteins, only a small number of proteins are known to be nitro-

alkylated and the scope of protein nitro-alkylation remains undetermined. Here we describe the 

synthesis and application of a clickable nitro-fatty acid probe for the detection and first global 

identification of mammalian proteins that are susceptible to nitro-alkylation. 184 high 

confidence nitro-alkylated proteins were identified in human macrophages, majority of which 

are novel targets of nitro-fatty acids, including Extended synaptotagmin 2 (ESYT2), Signal 

transducer and activator of transcription 3 (STAT3), Toll-like receptor 2 (TLR2), Retinoid X 

receptor alpha (RXRα) and Glucocorticoid receptor (NR3C1). In particular, we showed that 9-

nitro-oleate covalently modified and inhibited dexamethasone binding to NR3C1. 

Bioinformatic analyses revealed that nitro-alkylated proteins are highly enriched in 

endoplasmic reticulum and transmembrane proteins, and are overrepresented in lipid 

metabolism and transport pathways. This study significantly expands the scope of protein 

substrates targeted by nitro-fatty acids in living cells and provides a useful resource towards 

understanding the pleiotropic biological roles of nitro-fatty acids as signaling molecules or as 

multi-target therapeutic agents. 

 

Keywords 

Nitroalkene fatty acid; Nitro-oleate; Michael addition; Nitro-alkylation; Macrophage; Click 
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1. Introduction 

Nitro-fatty acids, or nitroalkene fatty acids, are a class of electrophilic lipid mediators with 

potent anti-inflammatory and cytoprotective effects. Produced endogenously via non-

enzymatic nitration of unsaturated lipids during digestion, cellular metabolism and 

inflammation, nitro-fatty acids have demonstrated beneficial bioactivities in a wide range of 

cardiovascular, pulmonary, renal and hepatic inflammatory and fibrotic disease models.1–4 In 

particular, 10-nitro-oleate (CXA-10) is being explored as a therapeutic against a number of 

inflammatory diseases in phase II clinical trials.4 While it is increasingly recognized that 

exogenous and endogenously formed nitro-fatty acids downregulate inflammatory signaling 

pathways to alleviate chronic inflammation, mechanistic insights into how these lipids exert 

their functions through pleiotropic targets in different tissues and cell types will inform the 

development of therapeutic strategies. 

The formation of nitro-fatty acid-protein adducts, or nitro-alkylation, represents the 

primary mechanism by which nitroalkene fatty acids exert their biological functions 

(Supplementary Figure 1). Possessing strong electron-withdrawing nitro groups, nitro-fatty 

acids are robust Michael acceptors that react with nucleophilic amino acids, predominantly 

cysteines and sometimes histidines, with reaction rates exceeding those of hydrogen peroxide 

and other non-nitrated lipid-derived electrophiles such as 4-hydroxy-2-nonenal (HNE).5 A 

number of proteins have been reported to form covalent adducts with nitro-fatty acids, which 

resulted in changes to their stability, structure or function.3,6 Nevertheless, the overall scope of 

protein nitro-alkylation remains undetermined. Most studies focused on individual well-

characterized protein targets, particularly Peroxisome proliferator-activated receptor gamma 

(PPARγ), Kelch-like ECH-associated protein 1 (KEAP1), Nuclear factor kappa B (NF-κB), 

and their associated signaling pathways to explain the interesting range of bioactivities 

observed for nitro-fatty acids. Yet there is increasing evidence that context-specific nitro-
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alkylation events can contribute to the effects of nitro-fatty acids on cellular function and host 

physiology. For example, despite its central role in modulating inflammatory responses, 

PPARγ does not appear to mediate the anti-inflammatory effects of nitro-fatty acids in 

macrophages.7 Nitro-fatty acids were shown to inhibit type I interferon (IFN) release by 

macrophages, independently of PPARγ and KEAP1-NRF2 pathways, through direct nitro-

alkylation of Stimulator of interferon genes (STING).8 What other cellular targets or signaling 

pathways are targeted by nitro-fatty acids? Are there molecular and structural determinants for 

protein nitro-alkylation? Characterization of proteomes that are susceptible to nitro-alkylation 

is critical for elucidating modes of action and cellular functions of nitro-fatty acids. 

Here we aim to characterize the protein targets of nitro-fatty acids in living cells using 

a chemoproteomics strategy. We synthesized, characterized and applied a clickable nitro-oleate 

probe for the detection and global identification of nitro-alkylated proteins in mammalian cells. 

184 nitro-alkylated proteins were identified in human THP1 macrophages, including known 

nitro-alkylated proteins like KEAP1 and STING. Transmembrane proteins, especially those 

localized to endoplasmic reticulum (ER) and nuclear membranes, were enriched in nitro-

alkylated proteins. Nitro-alkylated proteins were also significantly enriched in lipid 

metabolism and transport proteins. This study provides the first global profile of protein targets 

of nitro-fatty acids in living cells and serves as a useful resource to understand the pleiotropic 

biological activities of nitro-fatty acids. 
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2. Materials and methods 

2.1. Chemicals and probes 

All chemicals and reagents were purchased from Sigma-Aldrich unless otherwise indicated. 

Azide-rhodamine was synthesized as previously described.9 Diazo-biotin-azide was purchased 

from DC Biosciences. Alkyne-oleic acid, oleic acid and 9-NO2-OA were purchased from 

Cayman Chemicals. For detailed alk-9-NO2-OA synthesis and characterization, refer to 

Supporting information. 

 

2.2. Cell lines 

Hek293T and Hek293FT cells were maintained in Dulbecco's High Glucose Modified Eagle's 

Medium (DMEM, Hyclone) containing 10% heat-inactivated fetal bovine serum (FBS, 

Biological Industries), 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco). HEK-Blue 

IFN-α/β cells (InvivoGen) were propagated in DMEM with 10% FBS, 100 µg/mL normocin, 

30 µg/mL blasticidin and 100 µg/mL zeocin (InvivoGen). THP1, Jurkat, Raji, and Ramos cells 

were cultured in Roswell Park Memorial Institute (RPMI, Hyclone) 1640 supplemented with 

10% FBS. THP1 monocytes were differentiated into adherent macrophages by 48 h incubation 

with 200 nM phorbol 12-myristate 13-acetate (PMA) followed by 48 h rest in PMA-free 

medium. All cells were maintained at 37 °C in a humidified incubator with 5% CO2. 

 

2.3. Type I IFN assays 

PMA-differentiated THP1 macrophages in 24-well plates were pretreated with fatty acids (2.5 

µM and 10 µM) for 30 min prior to stimulation with 4 µg/mL cGAMP (InvivoGen) using 

Lipofectamine 2000 (Invitrogen). After 20 h stimulation, culture supernatants were analyzed 

for human type I IFN activity using the HEK-Blue IFN-α/β reporter cell line according to the 

manufacturer’s instructions. 
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2.4. Cell viability assay 

Cell viability was measured using the colorimetric MTS assay (Promega) according to 

manufacturer’s instructions. Briefly, after removing culture supernatants, cells were washed 

with PBS and 250 µL of the MTS-PMS mixture solution was added. The cells were incubated 

for 0.5-1.5 h at 37 °C before absorbance at 490 nm was measured in a microplate reader. Data 

was normalized using cells untreated with compounds (100%) and buffer only background 

controls (0%). 

 

2.5. Wild type and mutant KEAP1 overexpression constructs 

The following mutations to pCMV3-HA-KEAP1 (Sino Biological) were made using the 

QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Stratagene) and validated by 

Sanger sequencing. 3M: C151S, C273W, C288E. 7M: C38S, C151S, C226S, C257S, C273W, 

C288E, C489S. These constructs were transfected into HEK293T cells using the TransIT-LT1 

reagent (Mirus Bio) for 24 h prior to treatment with fatty acids and alk-9-NO2-OA. 

 

2.6. Fluorescent detection of nitro-fatty acid protein targets in living cells 

Cells were grown to ~90% confluence prior to treatment with clickable chemical probes (alk-OA 

or alk-9-NO2-OA) at the indicated concentrations with the same volumes of DMSO or indicated 

fatty acids used as controls. At the described time points, labelled cells were washed thrice with 

ice-cold PBS and pelleted at 400 g for 5 min. Cells were flash-frozen in liquid nitrogen and stored 

at -80 °C prior to lysis. Frozen cells were lysed in SDS lysis buffer [4% SDS, 150 mM NaCl, 50 

mM triethanolamine, pH 7.4, 2× EDTA-free protease inhibitor cocktail (Thermo Scientific), 10 

mM phenylmethylsulfonyl fluoride, 50 U/mL SuperNuclease (Sino Biological)]. Protein 

concentrations were determined by BCA protein assay (Thermo Scientific). For in-gel 

fluorescence detection of nitro-fatty acid protein targets, 50 µg cell lysates were reacted with 
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freshly made CuAAC reaction cocktail [100 µM azide-rhodamine, 1 mM CuSO4, 1 mM tris(2-

carboxyethyl) phosphine hydrochloride (TCEP), 100 µM tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA)] in a total reaction volume of 50 µL for 1 h at room temperature. 

Proteins were chloroform-methanol precipitated and the protein pellet was washed twice with 

ice-cold methanol. Air-dried protein pellets were resuspended in 25 µL SDS buffer before the 

addition of 8.7 µL 4× SDS-loading buffer (20% glycerol, 125 mM Tris·HCl, pH 6.8, 4% SDS, 

0.05% bromophenol blue) and 1.3 µL Bond-Breaker TCEP (Thermo Scientific). Samples were 

heated for 5 min at 75 °C, separated by SDS-PAGE, and imaged on a Typhoon 9400 variable-

mode imager. Rhodamine-associated signal was detected at excitation 532 nm/emission 580 nm. 

After fluorescence scanning, gels were either stained with Coomassie (Protein Ark) or transferred 

to PVDF membranes for Western blot analysis. 

 

2.7. Antibodies used for Western blot analysis 

The following primary and secondary antibodies were used for Western blot analysis in this study. 

Anti-HA (#05-904) and anti-ESYT2 (HPA002132) were purchased from Sigma. Anti-GAPDH 

(#5174), anti-STING (#13647), anti-NR3C1 (#12041), anti-STAT3 (#12640), anti-TLR2 

(#12276) and anti-RXRα (#3085) were purchased from Cell Signaling Technology. Streptavidin-

HRP (#7043) was from Abcam. Anti-mouse-HRP (#115-035-003) and anti-rabbit-HRP (#111-

035-003) were purchased from Jackson ImmunoResearch Laboratories.  

 

2.8. Affinity enrichment of nitro-alkylated proteins 

For affinity purification of alk-9-NO2-OA modified proteins, 400 µg of cell lysates were diluted 

with HEPES buffer (150 mM NaCl, 50 mM HEPES pH 7.4) to 360 µL, and 40 µL of freshly 

prepared CuAAC reaction cocktail [diazo-biotin-azide (4 µL, 10mM stock solution in DMSO), 

CuSO4 (8 µL, 50 mM aqueous solution), TCEP (8 µL, 50 mM aqueous solution), TBTA (20 
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µL, 2 mM stock solution in DMSO)] was added. After 1 h incubation at room temperature, 

EDTA (8 µL of 0.5 M solution) was added to stop the CuAAC reaction and samples were 

chloroform-methanol precipitated. Protein pellets were allowed to air-dry, resuspended in 80 

µL SDS-HEPES buffer (4% SDS, 150 mM NaCl, 50 mM HEPES pH 7.4), diluted to 0.5 

mg/mL with HEPES buffer. The protein samples were then added to 20 µL of high-capacity 

NeutrAvidin beads (Thermo Scientific), and incubated with end-over-end rotation for 90 min 

at room temperature. The beads were sequentially washed with 1 mL of 1% SDS in PBS (3×5 

min), 4 M urea in PBS (2×5 min) and AMBIC (50 mM ammonium bicarbonate) (5×2 min). 

For SDS-PAGE and western blot analysis, 25 µL of freshly prepared elution buffer (25 mM 

Na2S2O4 in PBS with 0.1% SDS) were added to the beads and the samples were eluted by 

incubation for 1 h at room temperature. For LC-ESI MS/MS analysis, samples were reduced 

with 10 mM TCEP (stock solution 100 mM pH 8 in AMBIC) for 30 min at room temperature. 

After removing the supernatant and washing the beads once with AMBIC, samples were 

incubated with 10 mM iodoacetamide (stock solution 100 mM pH 8 in AMBIC) at room 

temperature in the dark for 30 min. The supernatant was removed and the beads were washed 

twice with AMBIC. Finally, 100 µL of AMBIC containing trypsin (0.1 µg trypsin/500 µg lysate) 

was added for on-bead digestion overnight at 37 °C. Samples were centrifuged and the 

supernatant was transferred into clean tubes. The beads were washed with 100 µL of 1% formic 

acid (FA)/15% acetonitrile (ACN) in H2O, followed by 100 µL of 1% FA in H2O. These washes 

were combined with the supernatant, and the peptides were concentrated and desalted using 

C18 spin tips (Thermo Scientific) according to the manufacturer’s instructions. Peptides were 

dried in the speedvac and resuspended prior to LC-ESI MS/MS analysis. 

 

2.9. LC-ESI MS/MS analysis by Orbitrap-MS  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 12, 2021. ; https://doi.org/10.1101/2021.07.12.451990doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.12.451990
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

Peptides extracted from the on-bead digested samples were analyzed by the LTQ-Orbitrap mass 

spectrometer (Thermo Fisher) coupled with nano-LC (Dionex Ultimate 3000; Thermo Fisher) 

for protein identification. Dried peptides were reconstituted in buffer A (0.1% FA) and injected 

into the trap column (Zorbax 300SB-C18, 0.3 5 mm; Agilent Technologies) at a flow rate of 0.18 

µL/min in buffer A. The peptide mixture was fractionated using a nano-C18 resolving column 

(inner diameter 75 µm; column length 10 cm) for electrospray ionization using a 15 µm tip (New 

Objective). A 70 min gradient time was used to separate the peptides for LC-MS/MS analysis. 

The peptides were eluted using a linear gradient of 0–8% HPLC buffer B (99.9% ACN 

containing 0.1% FA) for 4.5 min, 8–16% buffer B for 0.5 min, 16–45% buffer B for 38 min, 45–

60% buffer B for 10 min, 60–80% buffer B for 5 min, 95% buffer B for 5 min, and 8% buffer B 

for 7 min at a flow rate of 0.25 µL/min. Xcalibur 2.0 software (Thermo Fisher) was used for the 

LTQ-Orbitrap operation. Twenty data-dependent MS/MS scan events (in the linear ion trap) were 

followed by one MS scan for the ten most abundant precursor ions in the preview MS scan at a 

resolution of 120,000. Full-scan MS was performed in the Orbitrap over a range of 400 to 1,450 

Da. The (Si(CH3)2O)6H+ ion signal at m/z 445.120025 was used for internal calibration of 

accurate mass accuracy. 

 

2.10. MS data processing, database search for protein identification 

Mass spectra were processed and searched using Proteome Discoverer (Version 1.4.1.14, 

Thermo Fisher) against Swiss-Prot human database (released Jan, 2020, 20368 entries of Homo 

sapiens) of the European Bioinformatics Institute. The mass tolerances for parent and fragment 

ions were set as 10 ppm and 0.5 Da. The carbamidomethylation on cysteine (+57.0 Da) was set 

as fixed modification. Oxidation on methionine (+15.99 Da) was set as variable modifications. 

The enzyme was set as trypsin and up to two missed cleavage was allowed. The protein 
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identification threshold was set as 0.95 to ensure an overall false discovery rate below 0.5%. 

Proteins with at least one unique peptide identified were retained in this study. 

 

2.11. Bioinformatic analysis of high-confidence nitro-alkylated protein hits 

GO enrichment analysis was performed using the DAVID.10,11 After Benjamini-Hochberg 

correction for multiple testing, Cellular Component GO terms with adjusted p-values (q-values) 

<0.05 were selected. Information on topology of membrane proteins (multi-pass, single-pass, 

non-transmembrane) of nitro-alkylated protein hits and the H. sapiens reference genome was 

extracted from Swiss-Prot (accessed 2021-05-20). Pathway and process enrichment analysis was 

performed using Metascape with the following ontology sources: KEGG Pathway, GO 

Biological Processes, Reactome Gene Sets, Canonical Pathways, CORUM, TRRUST, 

DisGeNET, PaGenBase, Transcription Factor Targets, WikiPathways and COVID.12 Only the 

top 20 functional clusters with Benjamini-Hochberg corrected p-values (q-values) <0.05 were 

selected. A hierarchically clustered binary heatmap showing the common protein targets of nitro-

fatty acid and other electrophiles (Supplementary Table 2) was generated using Morpheus.13 

 

2.12. Glucocorticoid receptor radioligand binding assay 

Assays were performed at Eurofins Scientific. Briefly, full-length human recombinant 

glucocorticoid receptor expressed in insect cells was used in modified potassium phosphate 

buffer pH 7.4. For each data point, a 10 µg aliquot was incubated with 5 nM 

[3H]dexamethasone, 1 µg anti-GST antibody and 0.2 mg scintillation proximity assay (SPA) 

beads for 24 h at 4 °C. Non-specific binding was estimated in the presence of 10 µM 

dexamethasone. Receptors were counted to determine specifically bound [3H]dexamethasone. 

Compounds were screened at 10 µM. Assays were conducted in duplicates and ≥50% of 

maximum inhibition was considered significant. 
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2.13. Docking analysis of 9-NO2-OA with glucocorticoid receptor-ligand binding domain 

The protein structure of the NR3C1 ligand-binding domain (NR3C1-LBD) (Protein Data Bank 

identifier (PDB ID: 1NHZ) was used for this study.14 We performed the two-step method to get 

the covalent binding of ligand and NR3C1-LBD. 9-NO2-OA was first docked into the binding 

site by BIOVIA 2018/LigandFit program (BIOVIA, Inc., San Diego, CA).15 The binding pocket 

was identified from the co-crystal structure binding site of antagonist RU-486 (PDB ID: 1NHZ). 

The piecewise linear potential 1 (PLP1) force field for calculating ligand-receptor interaction 

energies was used. The default grid parameters were set with 0.5 Å spacing and the extension 

from Site was set as 7 Å. The number of docking poses was set as 100 conformations and the 

docking RMS threshold for ligand-site matching was set as 5 Å. The steepest descent steps 

minimization with CHARMM force field was performed as the compound dock into the binding 

site.16 Finally, the covalent docking calculation was performed to illustrate the binding of 9-NO2-

OA. The docking was conducted by using two-point attractor method to form the covalent 

bonding by the AutoDock Tools (version 1.5.6).17 The number of docking poses was set to 20 

with default parameters. The decision of the best pose was according to the lowest binding energy 

of the 9-NO2-OA, which forms a covalent bond with Cys643 of NR3C1-LBD. 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 12, 2021. ; https://doi.org/10.1101/2021.07.12.451990doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.12.451990
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12 

3. Results 

3.1. Regio- and stereo-selective synthesis of a clickable nitro-oleic acid probe 

Chemoproteomic approaches with chemical probes have emerged as invaluable tools to profile 

the cellular targets of bioactive small molecules, including metabolites, natural products and 

drugs in a variety of biological systems.18 In particular, clickable lipid probes harboring the 

relatively small terminal alkyne group retained their ability to modify proteins while allowing 

subsequent installation of fluorescence or affinity tags through copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) for the detection and enrichment of lipid-modified proteins.19 

Therefore, to detect and profile nitro-alkylated proteins in native biological systems, we 

synthesized a clickable nitro-fatty acid probe. We chose to install the alkyne group at the 

terminal carbon away from the carboxylic acid group, which is critical for the formation of 

coenzyme A thioesters during fatty acid trafficking and metabolism. Since positional and 

geometric isomers of nitro-oleate can have different substrate reactivities or biological 

activities,20,21 we sought to regio- and stereo-selectively synthesize the alkynyl-(E)-9-nitro-

oleic acid (alk-9-NO2-OA) probe. Among the different approaches to synthesize natural nitro-

fatty acids and their derivatives,22–25 we selected one employing the nitro-aldol condensation 

reaction, in which the regiochemistry of the nitro group is fixed by the precursor combination 

(Scheme 1).22 9-Bromononanol was first oxidized to carboxylic acid 1 and after protection, the 

bromo moiety of tert-butyl ester 2 was transformed to a nitro moiety to produce 3. Following 

a two-step conversion of undec-10-ynoic acid to aldehyde 5, nitro-aldol condensation of 3 and 

5 yielded a β-hydroxynitro ester 6 as 45:55 mixture of diastereomers. Finally, the desired probe 

8 was synthesized in three steps via acetylation of the hydroxyl group, base-induced 

elimination and deprotection. The stereochemistry of 8 was confirmed by 1H-NMR comparison 

with the reported (E)-nitroalkene.22 This synthetic strategy can potentially be used to regio- 
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and stereo-selectively synthesize other clickable nitro-fatty acid probes to complement 

structure-activity relationship studies.  

 

3.2. Fluorescent detection of nitro-alkylated proteins 

To establish alk-9-NO2-OA as a chemical reporter for protein nitro-alkylation, we evaluated 

its ability to enter living cells and modify proteins, including known nitro-alkylated proteins. 

HEK293FT cells were treated with varying concentrations of alk-9-NO2-OA for different 

lengths of time. To determine if alk-9-NO2-OA will modify a known nitro-alkylated protein, 

HEK293FT cells overexpressing HA-KEAP1 were similarly treated. The cell lysates were 

reacted with azide-rhodamine by CuAAC prior to separation by SDS-PAGE (Figure 1A). In-

gel fluorescence revealed that alk-9-NO2-OA could enter living cells and label intracellular 

proteins such as KEAP1. Rapid labelling of proteins by alk-9-NO2-OA was observed within 

minutes (Figure 1B), which is unsurprising given the significantly higher thiol reaction rates 

observed for nitro-fatty acids compared to non-nitrated electrophilic lipids.5 While there was 

dose- and time-dependent labeling of KEAP1 and other endogenous proteins by alk-9-NO2-

OA, probe concentration had a greater effect on labelling intensity (Figure 1C). Protein labeling 

by alk-9-NO2-OA was specific, as demonstrated by decreased labelling of KEAP1 when 

multiple known OA-NO2-reactive cysteines were mutated (Figure 1D).26 Gel-based profiling 

with alk-9-NO2-OA in different human cell lines revealed both common and distinct cellular 

targets that potentially contribute to the wide range of biological activities observed for nitro-

fatty acids (Figure 1E). 

 

3.3. Selective enrichment of nitro-alkylated proteins in THP1 macrophages  

To globally profile nitro-alkylated proteins as well as uncover novel cellular targets of nitro-

fatty acids, we chose to work in THP1 macrophages. This system, in which nitro-fatty acids 
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have been shown to inhibit type I IFN response by alkylating and inhibiting STING,8 provides 

an excellent model biological system to functionally validate our probe and explore the scope 

of protein nitro-alkylation in living cells.  

We first confirmed that the alk-9-NO2-OA probe retained the ability to inhibit STING 

function in cells despite harboring an additional alkyne group compared to the original nitro-

fatty acid. Consistent with the study by Hansen and colleagues,8 9-NO2-OA and alk-9-NO2-

OA significantly inhibited type I IFN response upon STING stimulation with cyclic guanosine 

monophosphate–adenosine monophosphate (cGAMP) without affecting cellular viability at 10 

µM (Figure 2A). This inhibitory effect was dependent on the nitro group of alk-9-NO2-OA 

since type I IFN release was unaffected by alk-OA.  

We further showed that alk-9-NO2-OA formed a protein adduct with endogenous 

STING in THP1 macrophages by reacting cell lysates with azide-functionalized biotin and 

demonstrating selective enrichment of STING using NeutrAvidin (Figure 2B and 2C). STING 

alkylation and enrichment required the nitro moiety of alk-9-NO2-OA since no enrichment of 

STING was observed in samples treated with alk-OA. Similar STING levels in the input 

samples ruled out differences in protein expression. Interestingly, for alk-9-NO2-OA treated 

samples, we observed an enrichment of dimeric STING species (Figure 2C), which has been 

reported to resist complete dissociation and exhibit slower mobility in SDS-PAGE.27,28 This 

suggested that nitro-alkylated STING may be potentially more capable of retaining its dimeric 

conformation or that dimeric STING may be preferentially nitro-alkylated.  

Collectively, these experiments indicated that alk-9-NO2-OA probe retained its 

biological activity to suppress type I IFN response in macrophages and can be used to 

selectively enrich a known nitro-alkylated protein expressed at endogenous levels.  
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3.4. Global profiling of nitro-alkylated proteins in THP1 macrophages  

Given that the alk-9-NO2-OA probe can be used to selectively label and enrich known nitro-

alkylated proteins, we proceeded to explore the scope of protein nitro-alkylation by profiling 

nitro-alkylated proteins in living cells using a chemoproteomics strategy (Figure 2C). THP1 

macrophages were treated with 10 µM alk-9-NO2-OA for 15 min or 3.5 h. As specificity 

controls, macrophages were similarly treated with 9-NO2-OA and alk-OA. After cell lysis, 

modified proteins were conjugated to biotin by CuAAC, enriched using NeutrAvidin, digested 

on-bead with trypsin, and analyzed by LC-MS/MS. 

117 and 249 proteins identified in at least two of three “15 min” or “3.5 h” biological 

repeats and were absent in the 9-NO2-OA samples constituted our list of “short” and “long” 

labeled nitro-alkylated proteins respectively (Figure 2D). The identification of established 

nitro-alkylated proteins, KEAP1, STING and Inhibitor of nuclear factor kappa-B kinase 

subunit beta (IKBKB),8,26,29 further demonstrated that our probe and strategy is capable of 

capturing physiological targets of nitro-fatty acids in living cells. The identification of STING 

only in “long” samples was consistent with our previous western blot analysis that showed 

increasing STING enrichment with longer treatment times (Figure 2C). Notably, we did not 

identify any fatty acid binding proteins as our approach identifies proteins that form covalent 

adducts with nitro-fatty acids. Since most of the “short” label list of nitro-alkylated protein list 

were also found in the “long” label list (Figure 2D), we chose to not to differentiate between 

the two treatment conditions for subsequent bioinformatic analyses. After selecting proteins 

that were absent in 9-NO2-OA samples and found in at least three of the six alk-9-NO2-OA 

samples (Supplementary Figure 2), subsequent exclusion of proteins that were found in alk-

OA samples yielded a high-confidence list of 184 nitro-alkylated protein hits (Supplementary 

Table 1), majority of which are not known to be targets of nitro-fatty acids. 
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3.5. Bioinformatic analysis of nitro-alkylated protein hits 

Enrichment analyses were performed to search for features or functions that are enriched in 

nitro-alkylated proteins. Gene ontology (GO) analysis of our nitro-alkylated protein hits 

revealed that exogenously added nitro-fatty acids were able to enter cells and modify 

intracellular proteins. ER and nuclear membrane proteins as well as mitochondrial and 

peroxisomal proteins were significantly enriched with nitro-alkylated proteins (Figure 3A), 

suggesting that nitro-fatty acids may be enriched in endomembrane compartments involved in 

lipid metabolism. This was further reflected by the enrichment of transmembrane proteins in 

our nitro-alkylated protein list compared to the human reference proteome (Figure 3B). 

Pathway and process analysis revealed that nitro-alkylated proteins were overrepresented in 

lipid metabolism, lipid transport, maintenance of location, one-carbon metabolism, nuclear 

receptor meta-pathways, among others (Figure 3C). 

To gain insight into the reactivity and substrate selectivity of nitro-fatty acids, we 

performed a comparative analysis of nitro-alkylated proteins with proteins modified by other 

electrophiles, which include naturally occurring lipid-derived aldehyde electrophiles HNE and 

4-oxo-2-nonenal, as well as a non-selective inhibitor of lipid metabolism 2-

bromopalmitate.30,31 In addition, since thiol-reactive iodoacetamide and bromomethylketone 

probes have been used to broadly profile and monitor reactive functional cysteine residues that 

are involved in redox regulation, post translational modification, catalysis and protein 

recognition,32,33 we examined if our list of nitro-alkylated proteins contained these “reactive” 

cysteines. Interestingly, while there was limited overlap, about half of our high-confidence 

nitro-alkylated proteins are not targeted by the other electrophiles that we looked at (Figure 

3D). The latter group of proteins, which includes STING and IKBKB (Supplementary Table 

2), may contribute to the unique regulatory roles observed for nitro-fatty acids in various 

inflammatory and fibrotic disease models. 
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3.6. Validation of novel nitro-alkylated proteins 

To confirm our LC-MS/MS results, we selected five proteins identified with a range of spectral 

counts and different cellular localization for further validation by western blot (Figure 4A). As 

expected for nitro-alkylated proteins, all five proteins, Extended synaptotagmin 2 (ESYT2), 

Signal transducer and activator of transcription 3 (STAT3), Toll-like receptor 2 (TLR2), 

Retinoid X receptor alpha (RXRα) and Glucocorticoid receptor (NR3C1), were selectively 

enriched in samples exposed to alk-9-NO2-OA but not in those treated with control lipids, 9-

NO2-OA and alk-OA (Figure 4B). Similar levels of each target protein prior to enrichment 

ruled out discrepancies in protein expression due to the different lipid treatments.  

To further examine the effect of nitro-alkylation on NR3C1 function, we tested the 

ability of different lipids to inhibit radiolabeled dexamethasone binding to full-length human 

NR3C1 in vitro. Both 9-NO2-OA and alk-9-NO2-OA significantly inhibited dexamethasone 

binding to NR3C1 at 10 µM compared to OA, which had no effect on radioligand binding 

(Figure 4C). We further performed two-step molecular docking was performed to investigate 

the covalent binding interactions of 9-NO2-OA within the NR3C1-LBD (Figure 4D). 9-NO2-

OA is predicted to form a covalent bond with Cys643 and stabilized within the glucocorticoid 

binding pocket by a strong binding network by hydrogen bonding with Tyr640 and Ala618 and 

hydrophobic interactions with Leu647, and Met639 (Figure 4E), with a calculated interaction 

energy of –136.51 kcal/mol. These results suggested that 9-NO2-OA potentially affects NR3C1 

ligand binding ability via nitro-alkylation. 

 

4. Discussion 

Our global characterization of the mammalian proteome susceptible to alkylation by 9-NO2-

OA in living cells identifies 184 proteins, majority of which are not known to be targets of 

nitro-fatty acids. The overrepresentation of nitro-alkylated proteins in endomembrane 
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compartments involved in lipid metabolism, in particular ER/nuclear membrane and 

mitochondria, suggest possible enrichment of the nitro-fatty acid these compartments. This is 

perhaps unsurprising given that nitro-fatty acids are actively metabolized in vivo via β-

oxidation or esterified and incorporated into glycerophospholipids and triacylglycerols.3,21,34,35 

Nonetheless, nitro-alkylation of lipid metabolism and transport proteins in these membrane 

compartments suggests that nitro-fatty acids directly modulate cellular lipid metabolism (vide 

infra). Comparative analysis between proteins that are susceptible to modification by different 

endogenous and synthetic electrophiles offer insight into the unique biological activities 

observed for nitro-fatty acids. Given the noticeably different profiles of nitro-alkylated proteins 

in different cell lines, our list is most likely an underestimate of the full complement of proteins 

that are susceptible to context-dependent alkylation and modulation by nitro-fatty acids. 

Many studies on the biological effects of nitro-fatty acids focused on a few well-

characterized protein targets and their associated pathways. While established nitro-alkylated 

proteins like STING, KEAP1 and IKBKB were identified in our study, others like PPARγ were 

noticeably absent. This may be due to the differences in the chemical structures of the nitro-

fatty acid, cellular states or detection methods. Compared to regioisomer 10-NO2-OA, 9-NO2-

OA is more reactive towards KEAP1 cysteines,26,36 but is less reactive in the nitro-alkylation 

of PPARγ.37 Bervejillo et al. showed that nitro-fatty acids are less able to activate PPARγ in 

macrophages compared to monocytes,7 suggesting that PPARγ may not be a major target for 

nitro-fatty acids in macrophages. Our discovery that important signaling molecules like STAT3, 

TLR2, RXRα and NR3C1 can be nitro-alkylated indicates a much broader regulatory role of 

nitro-fatty acids in inflammation and immune modulation than previously appreciated. Indeed, 

broad effects of nitro-oleate on both pro- and anti-inflammatory macrophage functions have 

been observed.38 Notably, while we were preparing this manuscript, Wang et al. reported that 

nitro-alkylation of STAT3 inhibits its phosphorylation and activation, thereby contributing to 
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the anti-inflammatory role of nitro-oleate.39 This study supports that our chemical probe and 

chemoproteomic approach can be used to uncover novel nitro-alkylated proteins. Overall, our 

study demonstrates the multi-target pharmacology of nitro-fatty acids where in macrophages, 

key regulatory proteins in TLR, JAK-STAT, NF-κB, nuclear hormone receptor and redox 

signaling pathways that are central to macrophage function are targeted.  

Nitro-fatty acids play important roles in modulating lipid metabolism in cells and 

animal models of human disease, including reversing or reducing hepatic lipogenesis and 

steatosis in murine models of diet-induced obesity and non-alcoholic fatty liver disease.1,2. In 

macrophages, nitro-oleate reduced cholesterol accumulation by interacting with the CD36 

scavenger receptor to reduce uptake of modified low density lipoproteins while increasing 

cholesterol efflux.40,41 Our study revealed that transcriptional regulators, lipid metabolism and 

transport proteins, including validated protein targets ESYT2 and RXRα, may be relevant 

cellular targets of nitro-fatty acids in living cells. ESYT2 has been implicated in the formation 

of ER-plasma membrane contact sites and lipid transfer between membranes.42–44 RXRα 

represents a central node in nuclear hormone receptor signaling and in the regulation of cellular 

metabolism by forming heterodimers with other nuclear receptors, including PPARs, liver X 

receptors and farnesoid X receptor.45 Furthermore, the presence of NCEH1, SOAT1 and 

SCARB1, which are key proteins in cholesterol hydrolysis, esterification and transport 

respectively, in our high-confidence list points to a possible mechanism by which nitro-fatty 

acids modulate cholesterol flux. Further investigations into how nitro-alkylation affects the 

function of these proteins may provide mechanistic insights into the biological effects of nitro-

fatty acids in disease models characterized by dysfunctional cellular lipid metabolism such as 

atherosclerosis and metabolic syndrome.46 

 

5. Conclusion 
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Here we demonstrated the stereo- and regio-selective synthesis of a clickable 9-nitro-oleate 

probe and successfully applied it to globally the profile protein targets of nitro-fatty acids in 

living macrophages. In addition to known targets, we identified novel protein targets of nitro-

fatty acids that include important regulators of macrophage inflammatory responses as well as 

lipid metabolism and transport proteins. Overall, our study greatly expanded the scope of 

protein nitro-alkylation and provides a useful resource towards understanding the pleiotropic 

beneficial biological roles of nitro-fatty acids as signaling molecules and as multi-target 

therapeutic agents. 
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Figures and Figure Legends 
 
Scheme 1. Synthesis of the clickable 9-nitro-oleate probe. 
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Figure 1. Fluorescent detection of nitro-alkylated proteins in living cells. (A) Workflow for in-gel 
fluorescence detection of nitro-alkylated proteins using the clickable alk-9-NO2-OA probe 8 and azide-
rhodamine. CuAAC, copper-catalyzed azide-alkyne cycloaddition. (B) Time-dependent labelling of 
endogenous proteins and overexpressed HA-KEAP1 in HEK293FT cells at 2.5 µM alk-9-NO2-OA. (C) 
Dose-dependent labelling of endogenous proteins and overexpressed HA-KEAP1 in HEK293FT cells 
by alk-9-NO2-OA. (D) Labeling of wildtype (wt) KEAP1 and its mutants in HEK293FT cells at 2.5 µM 
alk-9-NO2-OA. 3M and 7M refer to mutants with 3 and 7 cysteines mutated, respectively. (E) 
Fluorescent detection of nitro-alkylated proteins in different human cell lines. Anti-HA, anti-GAPDH, 
anti-tubulin blots and Coomassie stains act as loading controls for the accompanying fluorescence gels. 
Selected protein molecular weight markers are indicated for each gel. 
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Figure 2. Selective enrichment and identification of nitro-alkylated proteins in living THP1 
macrophages. (A) PMA-differentiated THP1 macrophages were treated with the indicated fatty acids 
(2.5 μM and 10 μM) for 30 min before stimulation with cGAMP using Lipofectamine 2000 (Lipo). After 
20 h, culture supernatants analyzed for type I IFN production (left panel) relative to the DMSO control 
(left panel) and cell viability (right panel) relative to the untreated control (ut). Error bars, standard 
deviation. (B) Enrichment scheme for nitro-alkylated proteins using the clickable alk-9-NO2-OA probe 8 
and diazo-biotin-azide (azide-biotin). CuAAC, copper-catalyzed azide-alkyne cycloaddition. Enriched 
proteins can be analyzed by western blot or LC-MS/MS analysis. (C) Prior to affinity purification, protein 
samples (input, top panels) labeled with the indicated lipids for different times were analyzed using 
streptavidin and anti-STING antibodies. STING was selectively recovered from THP1 cells labeled with 
the alk-9-NO2-OA (elution, bottom panel). (D) Number of candidate nitro-alkylated proteins identified 
from cells treated with 10 µM alk-9-NO2-OA for 15 min (short) and 3.5 h (long) from three biological 
repeats as well as overlap between the two treatment conditions. Known nitro-alkylated proteins are 
indicated. For proteomics filter criteria, see Supplementary Figure 2 and Methods. 
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Figure 3. Bioinformatics analysis of 184 high-confidence nitro-alkylated proteins. (A) GO cellular 
component analysis of candidate nitro-alkylated proteins. Cellular components and their Benjamini-
adjusted p-values (q-value) of more than 1.3 are shown. Size of each circle reflects the number of the 
protein associated with each cellular component. (B) Topology analysis of candidate nitro-alkylated 
protein and the human reference proteome based on UniProt annotation. (C) Metascape pathway and 
process analysis of candidate nitro-alkylated proteins. The top 20 clusters and their q-values are shown 
and size of each circle reflects the number of the protein associated with each cluster. (D) Comparative 
analysis of the protein targets of nitro-fatty acids and other electrophiles. Each column represents one 
of the 184 high confidence nitro-alkylated proteins and proteins found to be modified by the indicated 
electrophiles in their respective studies are marked purple (Supplementary Table 2). IA, 
iodoacetamide.32 BMK, bromomethyl ketone.33 HNE, 4-hydroxy-2-nonenal and ONE, 4-oxo-2-
nonenal.47,48 2BP, 2-bromopalmitate.30,31 
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Figure 4. Validation of novel nitro-alkylated proteins. (A) 184 proteins in our high-confidence list 
nitro-alkylated proteins were sorted with increasing total number of PSMs detected for alk-9-NO2-OA 
samples in the chemoproteomics study. Characterized and novel nitro-alkylated proteins validated in 
this study are highlighted in red and blue, respectively. Nitro-alkylation of STAT3 was demonstrated in 
a separate study during the preparation of this manuscript.39 (B) Lysates from cells were treated with 
the indicated lipids for 15 min or 3.5 h were reacted with diazo-biotin-azide via CuAAC. Protein samples 
before NeutrAvidin enrichment (input) and after elution were immunoblotted for the indicated target 
proteins. (C) NR3C1 radioligand binding assay. The percent inhibition of [3H]dexamethasone binding 
to full-length human NR3C1 in the presence of 10 µM lipid is shown. (D) The most stable complex 
obtained for 9-NO2-OA in the NR3C1-LBD (1NHZ). 9-NO2-OA and relevant residues are colored. (E) 
Binding site analysis for 9-NO2-OA (Cyan) with NR3C1-LBD. 9-NO2-OA forms a covalent bond with 
Cys643, and hydrogen bonds with Tyr640 and Ala618 (orange residues). Hydrophobic effect was 
contributed by Leu647 and Met639 (yellow residues). 
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