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Abstract

Lipid-derived electrophiles (LDEs) are reactive metabolites, which can covalently modify proteins 

and DNA, and regulate diverse cellular processes. 2-trans-hexadecenal (2-HD) is a byproduct of 

sphingolipid metabolism, involved in cytoskeletal reorganization, DNA damage and apoptosis. In 

addition, loss of ALDH3A2, an enzyme removing 2-HD in cells, is responsible for the Sjörgen-

Larsson Syndrome (SJS), suggesting that accumulation of 2-HD could lead to pathogenesis. 

However, the targets and the precise mechanisms of 2-HD are not well characterized. Herein, we 

report alkyne-2-HD derivative as a bioorthogonal probe to explore the functions of 2-HD. We 

identified more than 500 potential cellular targets. Among them, the pro-apoptotic protein Bax can 

be covalently modified by 2-HD directly at the conserved Cys62 residue. Our work provided new 

chemical tools to explore the cellular functions of LDEs, and revealed new mechanistic insights of 

the deregulation of lipid metabolism in diseases.
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Lipid-derived electrophiles (LDEs), such as 4-hydroxy-2-nonenal (HNE), 15-deoxy-Δ12, 

14-prostaglandin J2 (15d-PGJ2), and 2-trans-hexadecenal (2-HD), are generated in cells 

through lipid metabolic pathways or peroxidation of polyunsaturated lipids.1, 2 They harbor 

chemically reactive moieties, such Michael acceptors, and react with nucleophiles in cells, 

including cysteine residues, resulting in covalent modifications of the target proteins. Such 

covalent and irreversible modifications can alter the functions of protein, and regulate many 

cellular processes.1, 3 Therefore, misregulation of the metabolic pathways and accumulations 

of LDEs are often involved in diseases, such as inflammation, genotoxicity, and tissue 

degeneration.4 Previous work has shown that HNE, a byproduct of lipid oxidation and 

oxidative stress, can covalently modify many proteins in cells, including key kinases, and is 

a critical regulator of cellular redox-responsive pathways. 1, 3

2-Trans-hexadecenal (2-HD) is a metabolite in sphingolipid metabolism pathway, where 

sphingosine-1-phosphate (S1P) is degraded by S1P lyase to generate phosphoethanolamine 

and 2-HD. 2-HD can be further oxidized to palmitic acid by fatty aldehyde dehydrogenases, 

such as ALDH3A2,5 which serves as an important scavenging pathway and recycles 

sphingolipid to generate palmitate, the key intermediate of lipid biosynthesis. It has been 

noted that 2-HD could induce cytoskeletal reorganization and mitochondria apoptosis.6, 7 

Importantly, loss-of-function mutations or deletion of ALDH3A2 in human resulted in an 

autosomal inherited disease, Sjögren-Larsson Syndrome (SJS), characterized by dry, scaly 

skin (ichthyosis), muscle spasm and neurological disorders.5, 8 In addition, 2-HD is 

responsible for ceramide-induced apoptosis in cells by activating the pro-apoptotic protein 

Bax.6 However, the detailed mechanisms and whether 2-HD exhibits its activities by 

covalently modifying target proteins are not known.

Previously, chemoproteomic approaches, such as using LDEs to compete with a cysteine-

modifying activity-based protein profiling (ABPP) probe, have been reported.1 Such 

approaches successfully identified cellular targets of HNE and 15d-PGJ. However, it was 

unsuccessful for 2-HD. The discrepancy could be resulted from the weaker reactivity of 2-

HD, which might be insufficient to compete with the highly reactive ABPP probes. In 

addition, the detoxification enzymes in cells, such as ALDH3A2, which remove 2-HD 
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efficiently, might limit the efficiency of probe competition. Clearly, alternative approaches 

have to be developed to study the mechanisms of 2-HD in physiological and pathological 

conditions.

Clickable analogues of 2-HD as chemical probes for target identification

Toward this end, we have synthesized the “clickable” terminal alkyne-containing analogues 

of the saturated aldehyde and 2-HD (probe 1 and 2), which serve as a non-reactive control 

and an electrophile, respectively (Figure 1A and 1B). Initial labeling experiments were 

carried out with probe 1 and 2 in HEK293A cells to identify the endogenous cellular targets 

by chemoproteomic methods. We filtered mass spectrometry results with duplicates, and 

with >3-fold enrichment of identified total spectra with probe 2 labeling versus control 

probe 1. The results have shown that probe 2 could label more than 500 endogenous proteins 

compared to saturated aldehyde probe 1 (Table 1 and Supplementary Table S1). Among 

them, we have identified several targets, including the apoptosis regulator Bax protein (more 

than 12 unique peptides out of total 20 peptides identified). Other protein targets include 

mTOR, CNOT1, CTNND1, BASP1, and ATAD3A etc. Our results suggest that 2-HD could 

potentially modify many cellular proteins, and the functions of these modifications might be 

relevant to 2-HD’s physiological and pathological functions. We focused our further studies 

on Bax, as 2-HD has been shown to induce apoptosis, although the detailed mechanisms 

remain elusive.

2-HD covalently modifies Bax

Bax is a Bcl-2 family pro-apoptotic protein primarily found in cytosol, and translocate to 

mitochondrial outer membrane (MOM) upon activation.9 Bax can be activated by many 

upstream apoptosis inducing agents, such as oxidative stress 10, ceramides 11 and small 

molecules etc.12 Activated Bax forms oligomeric pores in MOM, leading to the release of 

cytochrome c, and the activation of downstream apoptotic pathway. The C terminus of helix 

α9 anchors Bax in the membrane9 or folds into in a hydrophobic groove on the surface of 

cytosolic Bax.13 Recent structural studies suggested that the oligomerization of the Bax is 

triggered when BH3 domain of one monomer is engaged with the canonical binding groove 

of another activated Bax. However, Bax activation with lipids and small molecules might 

operate through different mechanisms, as they require cysteine residues but not BH3 

domains.12

To validate our findings that 2-HD could covalently modify Bax, we transfected HA-tagged 

Bax into HCT116 Bax/Bak double knockout (DKO) cells, and carried out probe labeling 

experiments. We observed that probe 2 could covalently label Bax, while the control probe 1 

did not (Figure 1C). We further tested the dose-dependency and time-dependency of the 

modification, and have observed that covalent modification could be achieved with 10 μM of 

2 (Figure 1C), and within 1h (Figure 1D). Taken together, our results have confirmed that 2-

HD could covalently modify Bax protein.

Next, we carried out the labeling experiments with recombinant Bax protein to confirm that 

2-HD could directly modify Bax protein in vitro. The streptavidin blot showed covalent 
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modification of recombinant Bax (Figure 1E). No modification was observed with either 

DMSO or control probe 1. Furthermore, we performed competition experiments using 2-HD 

at various doses. We observed dose-dependent competition of probe 2 by 2-HD in modifying 

Bax (Figure 1E and Supplementary Figure S1A). To confirm that the cysteine residues are 

modified by probe 2, we pre-treated cell lysates or Bax protein with N-ethylmaleimide or 

iodoacetamide to cap the cysteine thiols. Labeling of Bax by Probe 2 was completely 

abolished with NEM and iodoacetamide (Supplementary Figure S1B).

Next, we tested weather 2-HD-induced apoptosis is Bax dependent. We treated the HCT116 

wild type (WT) and Bax/Bak DKO cells with 25 or 50μM of probe 2. HCT116 WT cells 

were more sensitive to probe 2, compared to DKO cells, whereas probe 1 has no effect on 

either of them, confirming that probe 2 induces Bax-dependent cell death (Figure 2A and 

2B). Probe 2 has similar activities as 2-HD in both labeling and cell death assays 

(Supplementary Figure S2A), suggesting that it is indeed a suitable probe to study 2-HD 

functions. Its been reported previously that some LDEs, such as 4-HNE, can induce cell 

death by oxidative stress. 14 We measured reactive oxygen species (ROS) levels by treating 

HCT116 WT and DKO cells with probe 2 and 4-HNE alkyne as a positive control. We 

observed increased ROS levels with probe 2 in a Bax-dependent manner, which could be 

resulted from Bax activation and apoptosis related ROS elevation (Figure 2C).15 However, 

4-HNE-induced ROS and cell death are Bax-independent (Figure 2C). Although 4-HNE 

could non-specifically label Bax at high concentrations (100 μM) (Supplementary Figure 

S2B and S2C), such modification does not lead to Bax-dependent apoptosis. In addition, 

Bax was not identified as a target of 4-HNE in previous studies.1, 16 Therfore, the effect on 

Bax-dependent cell death is a unique activity of 2-HD, but not other LDEs.

2-HD covalently modifies the conserved Cys62 of Bax

Bax protein has two conserved cysteine residues (Cys62 and Cys126), which could be the 

sites of modification. We mutated these cysteine residues to serine, singly or in combination 

(C62S, C126S, or C62/126S (2CS)), and tested whether probe 2 can covalently label the 

wild type (WT) or the mutant Bax. Interestingly, probe 2 could label WT and C126S mutant, 

but labeling was partially reduced with C62S, and almost abolished with 2CS mutants 

(Figure 2D). We also noticed that at higher concentration of probe 2 (50 μM), C62S mutant 

can be labeled, but not the 2CS mutant (Supplementary Figure S2D). Similar results can be 

obtained when using anti-Bax antibody (Supplementary Figure S2E). Our results indicated 

that Cys62 might be the primary site of 2-HD modification, and at higher doses of 2-HD, 

Cys126 could also be modified. Previous structural studies of the Bax suggest that Cys62 is 

located in α2 helix of pro-apoptotic BH3 domain, which is required for Bax conformational 

change.9 Therefore, it is likely that covalent modification of Cys62 is responsible for 2-HD-

mediated Bax activation. Consistently, it has been reported that Cys62 is required in small 

molecules induced apoptosis.10 To further confirm that Cys62 is indeed the site of covalent 

modification, we have analyzed Bax protein after treatment with probe 2 with mass 

spectrometry. We have observed the m/z of 1054.635, which matches the probe-modified 

Cys62 in peptide KLSECLK (Figure 2E). Such modified peptide was not observed with 

controls. We did not observe other probe-modified peptides in this study, confirming that 

Cys62 could be the major site of covalent modification.
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Loss of Cys62 modification or 2CS mutation compromises Bax activation

To further test whether loss of Cys62 modification or 2CS mutation might compromise 2-

HDinduced Bax activation, we transfected HCT116 Bax/Bak DKO cells with wild type 

(WT) HA-Bax, C62S, C126S or 2CS mutant, and then treated the cells with probe 2 for 16 

h. Confocal microscopy showed translocation of WT HA-Bax and HA-Bax C126S into 

mitochondria, whereas HA-Bax (C62S) or HA-Bax (2CS) mutant had no significant change 

(Figure 3A and 3B). We measured the activated Bax using anti-Bax 6A7 antibody, which 

recognizes Bax in an activated conformation. Consistently, Bax activation is only observed 

in cells transfected with WT Bax and C126S mutant, but not with the C62S or 2CS mutant 

(Figure 3C and 3D). Control probe 1 has no effect even at high concentration (50 μM) 

(Supplementary Figure S3A). Taken together, our results suggested that probe 2 could 

induce Bax activation through covalent modification of Cys62. Furthermore, we tested the 

effect of probe 2 in cell death with HCT116 Bax/Bak DKO cells transfected with Bax WT, 

C62S, C126S or the 2CS mutant. DKO cells transfected with Bax 2CS mutant remain 

resistant to probe 2 induced cell death, while cells expressing Bax WT or C126S are 

sensitive to probe 2. Interestingly, we have observed that DKO cells expressing Bax (C62S) 

mutant are resistant to lower dose of probe 2 (25 μM), while high dose of probe 2 (50 μM) 

can still induce significant cell death (Figure 3E and 3F). These observation is consistent 

with our labeling experiments at higher dose of probe 2 could label Bax C62S mutant. 

Therefore, low dose of 2-HD could induce cell death by primarily labeling Cys62, and at 

higher doses, both Cys62 and Cys126 could be modified, leading to conformational change 

and activation of Bax. To evaluate the effects of endogenous 2-HD, we tested effect of 

ceramides (C2 and C6) in Bax/Bak DKO cells transfected with HA-Bax WT and mutants. It 

has been previously reported that ceramides act as a precursor for 2-HD biosynthesis in 

cells.5, 6 We noticed that Bax-WT and C126S transfected cells were sensitive to C2 and C6 

ceramides, whereas C62S and 2CS mutants rescued the effect (Supplementary Figure S3B 

and S3C). The effect was much clearer with increased concentration of ceramides. Our 

results suggest that exogenous and endogenous 2-HD could induce cell death through Bax 

modification.

In Sjögren-Larsson Syndrome (SJS), loss-of-function mutations of ALDH3A2 might lead to 

the accumulation of 2-HD, and therefore, enhanced apoptosis. To test this hypothesis, we 

used CHO-K1A cells, which were selected to have ALDH3A2 deficiency, and have been 

used as a SJS model system.17 Indeed, we found that the ALDH3A2-defecient CHO-K1A 

cells are more sensitive to 2-HD or probe 2-induced apoptosis, compared to wild type CHO 

cells (Supplementary Figure S3D). Under basal culture conditions, we also observed that 

CHOK1A cells have lower cell viability compared to WT CHOK1 cells (Supplementary 

Figure S3E), consistent with the notion that accumulation of 2-HD might affect cell 

viability. In addition, probe 2 induces more efficient PARP-1 cleavage in CHO-K1A, 

compared to control cells (Supplementary Figure S3F). Taken together, our results suggest 

that reactive 2-HD induces more profound cell death in cells lacking the ALDH3A2. 

Therefore, accumulation of 2-HD in SJS patient, might enhance aberrant cell death, and 

contribute partly to SJS pathogenesis (Supplementary Figure S4).
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LDEs at physiological levels might play important roles in feedback regulation of cell 

signaling pathways. However, misregulation of lipid metabolism and elevated levels of 

LDEs have been linked to pathological conditions. In addition, LDEs form stable adducts 

with the proteins, thus irreversibly altering the properties of those proteins. Recently, some 

of these LDEs, such as 4-HNE1, 16 and bromomethyl ketone18 were extensively profiled to 

identify their cellular targets using chemoproteomic methods. In this report, we synthesized 

and characterized an alkyne-containing analogue of reactive lipid electrophile 2-HD. In 

particular, we found that 2-HD can covalently modify the conserved Cys62 in pro-apoptotic 

protein Bax. Covalent modification of Cys62 is required for 2-HD-induced Bax activation 

and apoptosis. Cys62 is located in the α2 helix of BH3 domain, which could be easily 

accessible by 2-HD and other small molecules. Therefore, covalent modifications of Cys62 

might serve as a molecular switch that induces Bax conformational changes and its 

activation. In addition to Cys62, it has been reported that Cys126 is critical for Bax 

activation induced by some small molecules, including BAM7 and OICR766A,12 while the 

Bax C126A mutant was resistant to OICR766A-induced activation, the Bax C62A mutant 

can be activated. On the other hand, neither Cys62 nor Cys126 is required for Bax activation 

induced by etoposide or staurosporine.12 Therefore, the covalent modification on Cys62 

might be a unique feature of 2-HD, and Bax activation induced by small molecules could 

have multiple mechanisms. Previously Cys126 is also reported to be palmitoylated.19 

Therefore, lipid metabolism could be linked to cellular apoptosis through multiple 

mechanisms, although the functions of palmitoylation of Cys126 need further investigation.

In addition to Bax, we have identified other unique cellular targets of 2-HD, including 

mTOR, ABCB7, PPID, which have not been shown to be modified by 4-HNE or 

palmitoylation chemical reporters.20–22 Our results suggest that 2-HD could affect a wide 

range of cellular processes. Therefore, deregulation of sphingolipid metabolism and 

accumulation of 2-HD might be relevant to many pathological conditions. Further 

mechanistic studies are needed to elucidate the functions of these modifications and whether 

such modifications are involved in SJS pathogenesis. Taken together, our work has provided 

new chemical tools to study the functions of LDEs, and new insights into the roles of lipid 

metabolism in regulating cellular processes and diseases.

METHODS

Details of materials, methods and experimental procedures were described in Supporting 

Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clickable analogues of 2-trans-hexadecenal as a chemical probe
(A) Structures of the clickable terminal alkyne-containing analogues of the saturated 

aldehyde and 2-trans-hexadecenal (2-HD) (probe 1 and 2). (B) Scheme of profiling 2-HD 

target in cells. (C) Labeling of HA-Bax with Probe 2. Probe 2 could label HA-Bax dose-

dependently (D) Time-dependent labeling of HA-Bax in cell lysate with probe 2 (25 μM). 

(E) Probe 2 (10 μM) could label recombinant His-Bax (50 ng) in vitro. 2-HD displaces 

probe 2 in dose dependent manner in labeling of Bax (See methods for detailed procedures).
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Figure 2. 2-HD covalently modifies the conserved Cys62 of Bax and induces Bax-dependent cell 
death
(A) Probe 2 induces Bax-dependent cell death in HCT116 wild type cells, compared to 

HCT116 Bax/Bak DKO cells. (B) Quantification of cell death effects induced by Probe 2. 

Data are represented as mean +/− SD, n=3, **, P<0.01, ***, P<0.001. (C) Probe 2 induces 

Bax-dependent increase of ROS, while 4-HNE induce Bax-independent ROS. Data are 

represented as mean +/− SD, n=3, **, P<0.01. (D) Cys62 is the major site of 2-HD 

modification on Bax. Probe 2 partially labels Bax C62S and does not label C62/126S (2CS) 

mutant, while labeling wild type and C126S mutant efficiently. (E) Detection of the probe-

labeled peptide containing Cys62 by mass spectrometry. Observed the m/z of 1054.635, 

which matches the probe-modified Cys62 in peptide KLSECLK.
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Figure 3. Covalent modification of Cys62 is critical for 2-HD-induced Bax activation, 
translocation and cell death
(A) A confocal microscopy analysis of Bax translocation to mitochondria. Mitochondria and 

Nuclei were fluorescently stained with MitoTracker and DAPI. Scale bar, 10 μm. (B) 
Quantitative analysis of the images. Data are represented as mean +/− SD, n=3, **, P<0.01. 

(C) Detection of the activated Bax (anti-Bax 6A7) by western blot. (D) Quantification of the 

activated Bax by densitometry. Data are represented as mean +/− SD, n=3, **, P<0.01. (E) 
Colony formation assay on Bax WT or mutant transfected HCT116 Bax/Bak DKO cells. (F) 
The colonies were quantified by densitometric reading. Data are represented as mean +/− 

SD, n=3, **, P<0.01, ***, P<0.001.
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