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SUMMARY
Necroptosis is a form of cell death characterized by receptor-interacting protein kinase activity and plasma
membrane permeabilization via mixed-lineage kinase-like protein (MLKL). This permeabilization is respon-
sible for the inflammatory properties of necroptosis. We previously showed that very long chain fatty acids
(VLCFAs) are functionally involved in necroptosis, potentially through protein fatty acylation. Here, we define
the scope of protein acylation by saturated VLCFAs during necroptosis. We show that MLKL and phos-
phoMLKL, key for membrane permeabilization, are exclusively acylated during necroptosis. Reducing the
levels of VLCFAs decreases their membrane recruitment, suggesting that acylation by VLCFAs contributes
to their membrane localization. Acylation of phosphoMLKL occurs downstream of phosphorylation and olig-
omerization and appears to be, in part, mediated by ZDHHC5 (a palmitoyl transferase). We also show that
disruption of endosomal trafficking increases cell viability during necroptosis, possibly by preventing recruit-
ment, or removal, of phosphoMLKL from the plasma membrane.
INTRODUCTION MLKL oligomerization and translocation to the plasma mem-
Programmed cell death is a critical component for maintaining

cellular homeostasis. Imbalance between cell proliferation and

cell death is linked to many phenotypes, including cancer forma-

tion, neurodegenerative disorders, and inflammation (Thompson,

1995). Multiple forms of regulated cell death that are executed by

distinct pathways have recently been characterized. A funda-

mental phenotypic difference between apoptosis and other regu-

lated forms of cell death is the permeabilization of the plasma

membrane, which leads to release of intracellular components

and results in an inflammatory phenotype (Zhang et al., 2017).

Necroptosis is one of these inflammatory programmed cell

death processes. It is dependent on the activity of receptor-inter-

acting protein kinases 1 and 3 (RIPK1, RIPK3) and mixed-lineage

kinase-like protein (MLKL) phosphorylationwhen caspase activity

is reduced (Holler et al., 2000; Degterev et al., 2005). Necroptosis

exhibits phenotypic hallmarks of necrosis, including cellular

swelling, loss of plasma membrane integrity, and the release of

intracellular content (Holler et al., 2000; Degterev et al., 2005).

Closely linked to this membrane permeabilization and associated

inflammatory response, necroptotic cell death has been observed

in many diseases, including ischemia/reperfusion injuries (Lau

et al., 2013) and myocardial infarction (Luedde et al., 2014).
Cell Chem
brane is required for necroptosis (Cai et al., 2014). MLKL con-

sists of a C-terminal kinase-like domain that interacts with

RIPK3, which results in the phosphorylation of MLKL (Sun

et al., 2012). This phosphorylation triggers the oligomerization

and translocation of phospho (p)MLKL to the plasma membrane

(Wang et al., 2014). Themembrane recruitment of the oligomer is

mediated by electrostatic interactions between positively

charged regions of pMLKL and negatively charged phosphatidy-

linositol phosphate (PIP)-rich domains of the plasma membrane

(Quarato et al., 2016). Although it seems clear from a number of

studies that the membrane association of pMLKL oligomers is

important for membrane permeabilization (Cai et al., 2014;

Chen et al., 2014; Xia et al., 2016), the mechanism of membrane

permeabilization induced by pMLKL oligomers is not completely

understood. It is unclear how pMLKL oligomers affect mem-

brane packing, whether other chemical transformations that

pMLKL undergoes affect membrane association, and if the pres-

ence of the oligomers induces further phosphatidylinositol

recruitment to the protein binding site.

In parallel to its plasma membrane recruitment via canonical

RIPK3/RIPK1 activity during necroptosis, vesicular trafficking of

MLKL plays a critical role in its cellular localization. MLKL can

modulate endosomal trafficking, including constitutive early and
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lateendosomes that can fusewith lysosomesor theplasmamem-

brane (Yoon et al., 2017). This traffickingmodulation can be inde-

pendent of theMLKLphosphorylation state, but is enhancedafter

phosphorylation andmay result in the removal of pMLKL from the

plasmamembrane. Thismay lead to a delay inmembraneperme-

abilization and cell death during necroptosis (Yoon et al., 2017).

Motivated by the role of lipids in numerous membrane-related

transformations, our laboratory has investigated their role in nec-

roptosis, specifically during membrane permeabilization. We

found that saturated very long chain fatty acids (VLCFAs) accu-

mulated during necroptosis via activation of fatty acid (FA)

biosynthesis and elongation in two different necroptosis models

(Parisi et al., 2017). We also showed that VLCFAs have a higher

propensity to disturb membrane packing in liposomes and in

cells, most likely due to interleaflet interdigitation (Parisi et al.,

2019). One intriguing observation was that in liposomes and dur-

ing molecular dynamics simulations, high concentrations of

VLCFAs were required to induce membrane permeabilization,

whereas the intracellular concentration required for plasma

membrane permeabilization during necroptosis was much

lower. These observations suggest that VLCFAs can achieve

high local membrane concentrations in cells during this process.

We envisioned that one way in which VLCFAs can reach high

local membrane concentration was through their incorporation

into proteins and the recruitment of the protein-lipid complex

to distinct membrane locales. Because fatty acylation by satu-

rated VLCFAs is understudied, we utilized u-alkynyl VLCFAs to

investigate the covalent modification of proteins with VLCFA in

both control and necroptotic cells and found that certain proteins

may exhibit increased labeling with VLCFAs during necroptosis

(Parisi et al., 2019).

In this work, we identify the proteins that are acylated by

VLCFAs through the use of a clickable FA analog and investi-

gated the involvement of acylation by VLCFAs in necroptosis.

We first carried out quantitative proteomics with a unique IonStar

approach (Shen et al., 2018b) to identify proteins that are differ-

entially fatty acylated during this process. We observed that

there was an overall decrease in proteins that are acylated by

VLCFAs (referred to as VLCFAcylated here on) during necropto-

sis. However, importantly, MLKL and pMLKL were among the

proteins that were VLCFAcylated in necroptotic cells, but not in

control cells. Enrichment analysis highlighted the involvement

of the endocytic/lysosomal pathway during necroptosis. Per-

turbing the endocytic trafficking using a small-molecule inhibitor

resulted in increased cell viability and decreased the levels of

membrane-localized pMLKL, suggesting that endosomal traf-

ficking plays a role in localization of pMLKL. Our results show

the differential protein fatty acylation by a VLCFA during necrop-

tosis and suggest an acylation-dependent mechanism of mem-

brane recruitment and maintenance of pMLKL in this process.

RESULTS

Differential incorporation of u-alkynyl C20:0 fatty acid
during necroptosis
Ourprevious studies onestablishing the changes in the lipid land-

scape during necroptosis showed that saturated VLCFAs are

strongly upregulated during this process (Parisi et al., 2017) and

are involved in membrane permeabilization (Parisi et al., 2019).
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We have also shown that these VLCFAs could be incorporated

into proteins and that this fatty acylation might play a role in nec-

roptosis, for instance, by targeting of VLCFAs to certain mem-

brane regions, resulting in high local concentrations, mediated

by the protein-membrane interactions (Parisi et al., 2019). Here,

in order to investigate the role of fatty acylation by VLCFAs and

identify the proteins modified by VLCFAs during necroptosis,

we analyzed the proteins that are modified by a representative

VLCFA during this process using quantitative proteomics. We

induced necroptosis in HT-29 human colorectal adenocarci-

noma epithelial cells with BV6/zVAD-FMK/TNF-a treatment,

confirmed by the decrease in cell viability (Figure 1A) and mem-

brane localization of pMLKL (Figures 1B and S1A). Following

that, we usedu-alkynyl FA (alkFA) probes to study fatty acylation

during necroptosis. We previously reported that C20:0 FA is the

shortest saturated VLCFA that accumulated during necroptosis

(Parisi et al., 2017) and it is the shortest FA that accumulated

whenweoverexpressedELOVL7,which inducesmembrane per-

meabilization (Parisi et al., 2019). We have also shown that qual-

itatively C20 andC22 alkFA labeling is similar to each other (Parisi

et al., 2019). Hence, in this study, we chose u-alkynyl C20:0 FA

(C20 alkFA) as a representative VLCFA, due to its improved solu-

bility among VLCFAs, to identify proteins that are modified with

this probe using delivery and enrichment protocols we described

previously (Parisi et al., 2019) (Figure 1C, n = 3 for each condition,

see STAR Methods). The synthesis and characterization of C20

alkFA were described in our earlier work (Parisi et al., 2019). After

cell pellets were collected, the samples were normalized based

on their protein content using theBradford assay, andmembrane

fractions were isolated using ultracentrifugation. We installed a

biotin reporter by copper-catalyzed alkyne-azide cycloaddition

(CuAAC) and captured proteins that are covalently modified by

C20 alkFA using neutravidin resin (referred to as enriched portion

from here on). We note a second normalization step prior to

loading the neutravidin resin to ensure equal amounts of protein

are used for each condition using the bicinchoninic acid (BCA)

assay. We then carried out quantitative proteomics in order to

identify proteins that are acylated by C20 alkFA and compared

their levels in control and necroptotic cells. Briefly, once the pro-

teins were enriched on the neutravidin beads, they were resus-

pended in detergent-containing buffers and were then subjected

to a surfactant-aided precipitation/on-bead digestion procedure

modified from a recently published method (Shen et al., 2018a)

(see STAR Methods for details, Figure 1C). Derived tryptic pep-

tides were analyzed by a well-optimized trapping nano-liquid

chromatography (LC)-Orbitrap (OT) mass spectrometry (MS)

system. Each sample was analyzed twice, once by OT and

once by ion trap (IT), to allow accurate and sensitive peptide

detection as well as cross-validation of protein identification

results. Proteomic quantification was accomplished by IonStar,

an in-house-developed MS1 ion current-based quantitative pro-

teomicsmethod (Figure 1C, see STARMethods for details) (Shen

et al., 2018b). A total of 1,672 proteins were quantified with high

precision and no missing data across samples in the same

condition.

The scatterplots in Figure S1 show the correlation between the

mean intensities (calculated by summing up the area under the

curve of all peptides inferred to a protein) of different biological

replicates of each protein detected in control and necroptotic



Figure 1. Induction of necroptosis and workflow of C20 fatty acid acylation and proteomics

(A) Cell viability decreases as HT-29 cells undergo necroptosis. Necroptosis is induced with BV6/zVAD-FMK/TNF-a treatment. Data represent the mean ± 1 SD;

n = 5. ***p < 0.001.

(B) Cellular distribution of pMLKL during necroptosis. Sample 3D project images of pMLKL immunostaining in necroptotic (top) or control (bottom) cells show an

increase in pMLKL staining, mainly concentrated at the plasma membrane. Merge images include DAPI nuclear staining (blue) and pMLKL (green). Scale

bar, 10 mm.

(C) HT-29 cells were treated with endogenous C20:0 FA or C20:0 alkFA for 3 h to account for non-specific and specific interactions, respectively. Control and

necroptotic cells were then membrane fractionated and subjected to CuAAC, and a biotin reporter was installed. Biotinylated proteins were captured on

neutravidin and subjected to on-bead trypsin digestion followed by quantitative proteomics.

See also Figure S1.
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cells (Figure S1B). Based on the strong correlation between OT

and IT datasets (R2 > 0.99 for control and necroptotic samples),

we concluded that our measurements reflect biological rather

than technical variation.

To eliminate proteins that are enriched due to non-specific in-

teractions between the proteins and neutravidin resin, we

treated cells with endogenous C20:0 FA and subjected them to

the same enrichment and analysis protocols (Figure 1C, C20
FA-NSB). We excluded any proteins that we identified in these

non-specific binding samples, as they should not interact with

neutravidin resin due to the lack of biotin modification. Of the to-

tal 1,672 proteins that were quantified in samples enriched from

control and necroptotic cells, 1,267 were detected with higher

abundance in control cells and 405 were detected with higher

abundance in the necroptotic condition (see Table S1 for a com-

plete list of proteins identified and Table S2 for proteins that
Cell Chemical Biology 28, 1–12, September 16, 2021 3



Figure 2. Quantitative analysis of acylated proteome in necroptosis

(A) High correlation between the mean intensities of acylated proteins detected in control and necroptotic cells in Orbitrap Lumos (x axis) and ion trap (y axis)

platforms. Strong correlation between difference in mean intensities indicates biological variation rather than technical variation among the proteins detected in

control and necroptotic cells.

(B) Bar plot shows the total number of proteins (1,672) undergoing acylation in either control or necroptotic or both conditions. Blue and red bars represent the

number of proteins with high abundance in control and necroptotic cells, respectively. A higher number of proteins appear acylated in only control (561) compared

with only necroptosis (158). Overall, fewer proteins undergo acylation in necroptosis (405) compared with control (1,267).

See also Figure S2 and Table S1.
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show differential acylation in necroptosis). Figure 2A shows the

difference in mean intensities of proteins detected (total of

1,672 proteins) in control and necroptotic cells in OT (x axis)

and IT (y axis) platforms. Consistent with the high correlations

we report in Figure S1 for the intensities detected in these plat-

forms, we also observe a strong correlation between the differ-

ences in mean intensities for detected proteins in control and

necroptotic conditions, showing that these differences reflect

biological variations rather than technical ones. Furthermore,

an interesting observation was that a large number of proteins

appeared to be acylated only in control (561, dark blue in

Figure 2B) or in necroptotic (158, dark red in Figure 2B) cells

(Table S1). Based on these results, it is clear that overall there

are fewer proteins acylated by VLCFA during necroptosis (Fig-

ures 2B and S2); however, there is a distinct group of 158 pro-

teins that are VLCFAcylated exclusively in necroptotic cells.

MLKL and pMLKL are acylated during necroptosis
A total of 1,332 proteins showed significant differential acylation

by VLCFAs (p < 0.01, Table S2) during necroptosis: the acylation

of 285 proteins was upregulated during necroptosis, whereas

1,047 showed a reduction in VLCFAcylation in the process (Table

S2). Among the 285 proteins with increased VLCFAcylation dur-

ing necroptosis, 158 were detected only in necroptotic cells.

Based on our previous work suggesting that increased VLCFA

levels and protein fatty acylation could be involved in necropto-

sis (Parisi et al., 2017, 2019), we initially turned our attention to

proteins with increased VLCFAcylation during necroptosis.

Intriguingly, MLKL was one of those proteins that appeared to

be modified by C20:0 alkFA only during necroptosis. Our prote-

omics dataset is limited in distinguishing phosphopeptides from

unmodified ones; therefore, little information was obtained as to

whether MLKL and/or pMLKL was acylated. Hence, we investi-
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gated the fatty acylation of MLKL and pMLKL using western

blotting. We enriched fatty acylated proteins from control and

necroptotic cells as described above and analyzed protein con-

tent using western blotting. We detected both MLKL and pMLKL

in necroptotic cells but not in control cells, suggesting that MLKL

and pMLKL can be fatty acylated during necroptosis and that

their acylation is not appreciable in the absence of necroptotic

activity (Figure 3A). To understand the nature of acylation, we

treated control and necroptotic cells with C20:0 alkFA, fraction-

ated the membrane proteins, and installed biotin-azide. We then

treated the lysates with hydroxylamine (NH2OH), which cleaves

thioester linkages (Thinon et al., 2018). We note that NH2OH

treatment did not affect the overall levels of MLKL, pMLKL,

and calnexin (Figure S3A), showing that the treatment did not

cause protein degradation. We then carried out protein enrich-

ment through neutravidin beads. When we subjected the

bead-bound proteins to western blotting, the MLKL and pMLKL

signals from necroptotic samples completely disappeared with

NH2OH treatment, suggesting that MLKL and pMLKL may be

acylated via S linkage (Figure 3B).

To analyze the levels of MLKL and pMLKL acylated by endog-

enous FAs in cells we used acyl-PEG exchange (APE), a method

in which NH2OH-sensitive thioesters are cleaved and exchanged

with a mass tag (Percher et al., 2016, 2017). Using APE, we

showed that endogenousMLKL and pMLKL are S-fatty acylated

(indicated by arrows on Figure 3C). Based on the mass shift we

observed on SDS-PAGE (Percher et al., 2016, 2017), MLKL and

pMLKL appear to be S-fatty acylated predominantly at a single

cysteine residue. However, we cannot exclude the presence of

multiple acylated forms that might be below our detection using

western blotting. We note that the mass shift we observed in the

absence of NH2OH (Figure 3C, lane 3) is likely due to non-spe-

cific alkylation as previously reported (Percher et al., 2016, 2017).



Figure 3. MLKL and pMLKL are acylated downstream of RIPK1 activation

(A) Western blot analysis of proteins from C20 alkFA-treated control and necroptotic cells. After cell lysis and biotin-azide attachment via CuAAC, acylated

proteins are enriched on neutravidin resin. The samples were blotted for MLKL and pMLKL and calnexin. Calnexin was used as a loading control. Equal amounts

of protein were used for enrichment of each condition (see STAR Methods for details). We note that the treatments with C20 FA and C20 alkFA and the western

blot analysis were carried out during the same experiment. An uncropped western blot image is shown in Figure S3F.

(B) Acylation of MLKL and pMLKL with C20 alkFA shows NH2OH sensitivity. Control and necroptotic cells treated with C20 alkFA were membrane fractionated

and subjected to CuAAC with biotin-azide. The proteins were treated with 0.3 M NH2OH for 30 min, enriched using neutravidin beads, and then blotted for MLKL

and pMLKL and calnexin. Calnexin was used as a positive control for NH2OH sensitivity. We note that NH2OH treatment does not cause protein degradation

(Figure S3A). Loss of signal with NH2OH treatment indicates that MLKL and pMLKL acylation occurs primarily through S linkages.

(C) HT-29 cells were lysed, and total cell lysates were subjected to APE with N-ethylmaleimide, NH2OH, and methoxypolyethylene glycol maleimide (mPEG-Mal)

and compared with negative controls. The samples were blotted for MLKL and pMLKL. Arrows indicate mass shift due to labeling with mPEG-Mal.

(D and F) (D) 1 mMNec-1s and (F) 1 mMNSA reduce necroptotic cell death. Percentage cell viability of control and Nec-1s- or NSA-treated and necroptotic cells is

shown. Necroptosis was induced with BV6/zVAD-FMK/TNF-a treatment. Data represent the mean ± 1 SD; n = 5. ***p < 0.001.

(E and G) Western blot analysis of C20 alkFA-treated control and necroptotic cells in the presence of Nec-1s and NSA. Control and necroptotic cells treated with

C20 alkFA andNec-1s/NSAweremembrane fractionated and subjected to CuAACwith biotin-azide and enrichment using neutravidin beads. The proteins on the

beads were blotted for MLKL and pMLKL. Equal amounts of protein were used for enrichment of each condition. Calnexin was used as loading control (see STAR

Methods for details). Nec-1s (E) and NSA (G) treatment significantly reduced VLCFAcylation of MLKL and pMLKL (see Figures S3B and S3D for quantification of

band intensities).

See also Figure S3.
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pMLKL acylation occurs downstream of RIPK1 activity
and its membrane localization
RIPK1 activity is critical for MLKL phosphorylation and its trans-

location to the plasma membrane during necroptosis (Cai et al.,

2014). To investigate whether the acylation of pMLKL occurs

downstream of RIPK1 activation during necroptosis, we used a

small-molecule inhibitor of RIPK1, Necrostatin-1s (Nec-1s),

which increased cell viability in the presence of necroptotic
activity (Figure 3D). First, we demonstrated using APE that

Nec-1s treatment completely blocks fatty acylation of MLKL

and pMLKL during necroptosis (Figure S3C). Second, to study

VLCFAcylation in particular, we treated necroptotic cells and

Nec-1s-protected cells with C20 alkFA, fractionated the mem-

brane proteins, and installed biotin-azide. We then enriched for

proteins modified with C20 alkFA using neutravidin as described

above. Figure 3E shows the levels of MLKL and pMLKL in the
Cell Chemical Biology 28, 1–12, September 16, 2021 5



Figure 4. Membrane recruitment of MLKL and pMLKL in shELOVL7 and shZDHHC5 cells during necroptosis

(A) ELOVL7 knockdown reduces necroptotic cell death. Percentage cell viability of shRFP- (used as control) and shELOVL7-transduced cells treated with BV6/

zVAD-FMK/TNF-a to induce necroptosis compared with vehicle-treated control cells is shown. Data represent the mean ± 1 SD; n = 5. ***p < 0.001

(B) Western blot analysis of membrane fraction from untreated and necroptotic shRFP (used as control) and shELOVL7 cells. Cell lysates were fractionated by

ultracentrifugation and membrane fractions analyzed. Decreases in MLKL and pMLKL were observed in necroptotic shELOVL7 compared with necroptotic

control cells, suggesting that membrane recruitment is reduced in shELOVL7 cells (see Figure S4A for quantification of band intensities).

(C) Control and necroptotic shRFP and shZDHHC5 cells treated with C20 alkFA were membrane fractionated and subjected to CuAAC with biotin-azide and

enrichment using neutravidin beads. Equal amounts of protein were used for enrichment of each condition (see STAR Methods for details). The proteins on the

beads were blotted for MLKL, pMLKL, and calnexin. An approximate 50% decrease in the enriched pMLKL was observed compared with necroptotic control

cells, suggesting a role for ZDHHC5 in VLCFAcylation during necroptosis (see Figure S4B for quantification of band intensities).

See also Figure S4.
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enriched portion in necroptotic and Nec-1s-protected cells

compared with control cells. We detected very low MLKL and

pMLKL in the protected group (�95% reduction in band inten-

sity, p < 0.001, Figure S3B), suggesting that no appreciable fatty

acylation of pMLKL takes place in Nec-1s-protected cells. These

results are important because they suggest that pMLKL is acyl-

ated downstream of RIPK1 activity (Figure 3E).

The next step in canonical necroptosis signaling after MLKL

phosphorylation is the oligomerization of pMLKL, membrane

recruitment, and binding. Using an approach similar to that

described above for inhibiting RIPK1 activity, we used a small

molecule, necrosulfonamide (NSA) (Sun et al., 2012), which pre-

vents the oligomerization of pMLKL andmembrane translocation

and rescues cell death in necroptosis (Figure 3F). We treated

necroptotic cells and NSA-protected cells with C20 alkFA and

enriched for proteins that are acylated with C20 alkFA using neu-

travidin. Figure 3G shows the levels of acylated MLKL and

pMLKL in necroptotic and NSA-protected cells compared with

control cells. We detected a significant decrease in acylation of

MLKL and pMLKL in the protected group (Figures 3G and

S3D, �60% reduction in band intensity, p < 0.01), whereas their

cellular levels did not change (as detected in whole lysates, Fig-

ure S3E), suggesting that the acylation of pMLKL primarily oc-

curs downstream of its oligomerization.

ELOVL7 knockdown reduces the membrane
recruitment of pMLKL during necroptosis
Our results on the acylation of MLKL and pMLKL are based on

exogenous delivery of the clickable FA analogs. We wanted to

confirm that VLCFAcylation occurs in cells and during necropto-

sis without perturbing the lipid levels by exogenous delivery. To

achieve this, we tested whether the reduction of VLCFAs would

have an impact on the membrane recruitment of pMLKL during

necroptosis. If our hypothesis that VLCFAcylation of pMLKL is

functionally important for cell death during necroptosis is cor-

rect, we should see a decrease in pMLKL acylation (and hence
6 Cell Chemical Biology 28, 1–12, September 16, 2021
its membrane recruitment) and a rescue of cell death when the

levels of VLCFAs are depleted. In our previous work (Parisi

et al., 2017), we investigated the expression levels of different

elongation of very long chain fatty acid proteins (ELOVLs) that

might be responsible for the accumulation of saturated VLCFAs

and found that only ELOVL1 and ELOVL7 were significantly up-

regulated. We focused here on ELOVL7, based on the magni-

tude of its upregulation increase (Parisi et al., 2017, 2019) and

its substrate specificity (Purdy et al., 2015; Tamura et al.,

2009). We have shown that a reduction of ELOVL7 (by short

hairpin RNA [shRNA]) leads to reduced levels of saturated

VLCFAs during necroptosis, while its overexpression results in

the accumulation of saturated VLCFAs (Parisi et al., 2019). As

such, perturbing ELOVL7 levels is an ideal method to modulate

the levels of saturated VLCFAs. We reduced the levels of

VLCFAs by lentivirus-based ELOVL7 knockdown and tested

the membrane recruitment of MLKL and pMLKL. The knock-

down of ELOVL7 increased the viability of necroptotic cells, as

expected (Figure 4A), and significantly reduced the levels of

membrane-associated MLKL and pMLKL during necroptosis

(p < 0.05, Figures 4B and S4A), supporting the idea that VLCFA-

cylation of MLKL and pMLKL is important for necroptotic

cell death.

ZDHHC5 is in part responsible for MLKL acylation
Our results suggest that the incorporation of VLCFAs into MLKL

and pMLKL is S-linked (Figure 3B). S-linked acylation is a post-

translational modification where FAs are covalently attached

onto proteins via a thioester bond (Jiang et al., 2018). These

modifications are catalyzed by a family of 23 protein acyltrans-

ferases (ZDHHCs). All proteins of this family have a conserved

catalytic zinc binding site, an aspartic acid-histidine-histidine-

cysteine (DHHC) cytosolic domain, and several transmembrane

domains (Jiang et al., 2018; Philippe and Jenkins, 2019). The

family members share less homology within the N- and C-termi-

nal cytosolic domains, which are responsible for their recognition
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of specific substrates, although redundancy between different

members has been reported (Jiang et al., 2018; Greaves et al.,

2017). The substrate specificity of ZDHHCs is also greatly influ-

enced by their cellular (co)localization with substrates at the

plasmalemma, endoplasmic reticulum (ER), Golgi, or endosomal

membranes. Based on the spatial organization of ZDHHCs,

these enzymes acylate a variety of target proteins and regulate

their targeting to distinct cellular membranes (Jiang et al., 2018).

Manymembers of the ZDHHCS-acyltransferases reside at the

ER and Golgi apparatus; ZDHHC5 is one of the few localized to

the plasma membrane and endosomal compartments (Ohno

et al., 2006; He et al., 2014). A study using clickable FA probes

to determine the fatty acyl substrate selectivity of ZDHHCs

showed that ZDHHC5 can accept C14, C16, and C18 FAs, but

has preference for C16 FA (Greaves et al., 2017). Other studies

have shown that the acylation of target proteins by ZDHHC5

takes place at the plasma membrane and retains them at this

location, controlling their subcellular localization (Howie et al.,

2014; Wang et al., 2019; He et al., 2014). ZDHHC5 is also

involved in regulation of the localization of endocytosis-related

proteins that have been linked to MLKL recycling, including

flotillin 2 (Li et al., 2012; Kwiatkowska et al., 2020). Based

on these observations and the fact that pMLKL acylation

occurs downstream of its oligomerization, potentially at the

plasma membrane, we focused on investigating ZDHHC5 as

an acyltransferase that might be responsible for the VLCFA

incorporation of MLKL/pMLKL. We knocked down ZDHHC5 us-

ing lentiviral shRNA (see STAR Methods, Figure S4B) and tested

whether ZDHHC5 could be responsible for the incorporation of

VLCFAs into pMLKL during necroptosis by the addition of C20

alkFA to knockdown cells and subsequent enrichment of pro-

teins containing this probe via click chemistry and neutravidin

beads. We observed a decrease in the levels of enriched pMLKL

in shZDHHC5 cells (Figures 4C and S4B), suggesting that

VLCFAcylation of pMLKL during necroptosis is, at least in part,

mediated by ZDHHC5. The incomplete inhibition of MLKL and

pMLKL acylation in shZDHHC5 cells suggests the involvement

of additional ZDHHCs in processing MLKL and pMLKL. The

knockdown of ZDHHC5 did not have a significant effect on the

level of cell death in necroptotic cells (Figure S4C), further sup-

porting the involvement of other ZDHHCs in this process. Over-

all, our results support that ZDHHC5 activity might play a role in

acylation and membrane recruitment and retainment of pMLKL

during necroptosis. However, the involvement of additional

ZDHHCs in pMLKL acylation is likely.

Based on the preference of ZDHHC5 for C16 FA (Greaves

et al., 2017), we next investigated palmitoylation of MLKL and

pMLKL during necroptosis (Figure S3F). When delivered at the

same concentration, both C16 alkFA and C20 alkFA are incorpo-

rated at similar levels based on the quantification of MLKL and

pMLKL that are retained on neutravidin resin (p > 0.05, Fig-

ure S3G). However, given the difference in intracellular concen-

tration of endogenous C16 FA and C20 FA in necroptosis, it is

possible that a higher proportion of the proteins are

palmitoylated.

SwissPalm (Blanc et al., 2019) predicts two palmitoylation

sites for MLKL and pMLKL (Cys18 and Cys24). Using high-reso-

lution LC-MS/MS, we investigated the site and type of fatty

acylation of MLKL in necroptosis. We obtained enriched
MLKL/pMLKL using immunoprecipitation, subjected the solu-

tion to SDS-PAGE, and analyzed the band corresponding to

the molecular weight of MLKL (�50 kDa) after in-gel digestion

(see STARMethods). LC-MS/MS data suggest that Cys24 could

be modified by C16 or C20 FA during necroptosis (Figures S3H

and S3I), although the search engine score was low, likely due

to low abundance. Although these results corroborate well with

SwissPalm predictions and support the acylation of MLKL and

pMLKL during necroptosis, further studies are necessary to

unambiguously identify acylation sites and the corresponding

type of acylation with high confidence.

Enrichment analysis suggests an involvement of
endocytosis in necroptosis
Next, in order to gain insights into whether proteins from a spe-

cific pathway are targets of VLCFAcylation during necroptosis,

we carried out enrichment analysis using the Database for Anno-

tation, Visualization and Integrated Discovery (DAVID) bioinfor-

matics resource (Huang Da et al., 2009). We input proteins that

showed differential fatty acylation (p < 0.01) during necroptosis

into DAVID, which then mapped these genes against the

KEGG database (Kanehisa and Goto, 2000). Eight pathways

showed significant enrichment (p < 0.05, Benjamini Hochberg

FDR, Figure 5A, Table S3) in this dataset. Three of the eight path-

ways (SNARE interactions, lysosome, and endocytosis) were

related to vesicular trafficking (highlighted in gray in Table S3).

Endocytic and lysosomal activity affects MLKL and pMLKL

trafficking and recycling from the plasma membrane. For

example, the association of pMLKL and MLKL with flotillin 1

and 2 leads to their endocytosis, with pMLKL subsequently tar-

geted for lysosomal degradation (Yoon et al., 2017; Fan et al.,

2019). Flotillins were also found to associate with pMLKL in exo-

somes, which then results in pMLKL extrusion from cells (Yoon

et al., 2017; Meister and Tikkanen, 2014). Studies have also

found that MLKL and pMLKL associate with proteins of the

ESCRT (endosomal sorting complex required for transport) ma-

chinery, which causes a delay in membrane permeabilization

during necroptosis through the scission and extracellular release

of plasma membrane-derived vesicles (Gong et al., 2017).

S-linked acylation of proteins affects endocytic activity (Linder

and Deschenes, 2007; Fraser et al., 2020). Hence based on the

differential acylation of endocytic proteins during necroptosis,

we hypothesized that the endocytic pathway may regulate nec-

roptosis. As an initial test for this hypothesis, we took a pharma-

cological approach of targeting the endocytic pathway using

Dynasore. Dynasore is a cell-permeative and rapidly acting

small-molecule inhibitor of dynamin 1, dynamin 2, and dyna-

min-related protein 1, which promote fission and budding of the

endocytic vesicles on the plasma membrane into the cytosol

(Ferguson and De Camilli, 2012; Macia et al., 2006). We pre-

treated HT-29 cells with Dynasore, induced necroptosis via addi-

tion of BV6 and Z-VAD-FMK followed by TNF-a treatment for 3 h,

and assessed the changes in cell viability in the presence of the

small molecule. Dynasore pre-treatment prevented cell death

significantly (p < 0.01) compared with non-treated necroptotic

cells (Figure 5B). We note that the rescue is specific to necropto-

sis and is not observed for apoptosis, suggesting that it is not the

inhibition of canonical TNF-a signaling that mediated the rescue

(Figure 5B). We then investigated the effect of Dynasore
Cell Chemical Biology 28, 1–12, September 16, 2021 7



Figure 5. Inhibition of endocytic pathway specifically ameliorates necroptotic cell death

(A) Pathway enrichment analysis of proteins that show differential fatty acylation during necroptosis. Eight pathways were significantly enriched (corrected p <

0.05). See also Table S3.

(B) Small-molecule inhibitor-targeting endocytic pathway rescues necroptotic cell death, but not apoptotic cell death, in HT-29 cells. HT-29 cells were pre-treated

with 100 mMDynasore for 2 h. Vehicle-treated control cells were treated with DMSO. For induction of necroptosis, cells were treated with BV6/zVAD-FMK/TNF-a.

For induction of apoptosis, cells were treated with BV6/TNF-a. The percentage cell viability in the presences of inhibitor during necroptosis was compared with

the vehicle-treated control cells. Data represent the mean ± 1 SD; n R 3. **p < 0.01, ***p < 0.001.

(C and D)Western blot analysis of membrane fraction (C) and whole lysate (D) of vehicle-treated cells and Dynasore-treated cells with or without necroptosis. Cell

lysates were fractionated by ultracentrifugation and membrane fractions were analyzed. The decrease in pMLKL observed in necroptosis when Dynasore is

present suggests that endocytosis maybe involved in necroptosis.
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treatment in membrane-localized and overall pMLKL levels in

necroptotic cells and observed that Dynasore treatment strongly

reduced the levels of pMLKL in membranes (Figure 5C) and in

whole lysate, without affectingMLKL levels (Figure 5D). These re-

sults suggest that the rescue we observe in cell death could be

due to blockage of the phosphorylation of MLKL or prevention

of pMLKL trafficking to the plasma membrane (Figure 5).

DISCUSSION

There are multiple signaling pathways that can be activated in

response to TNF-a. Activation in the presence of low caspase-8

activity and low activity of the cellular inhibitor of apoptosis

results in necroptotic signaling: activation of RIPK3 and phos-

phorylation of MLKL in necrosomes (Vandenabeele et al., 2010).

A recent study illustrated that downstreamof its phosphorylation,

MLKL translocates to the plasma membrane via Golgi-, actin-,

andmicrotubule-dependent trafficking, a new rate-limiting factor

in necroptosis (Samson et al., 2020). Upon binding to the plasma

membrane, pMLKL oligomers induce membrane permeabiliza-

tion (Vandenabeele et al., 2010), which does not appear to occur

via the formation of regularly structured membrane pores

(Samson et al., 2020). Based on these observations and other

studies (Fan et al., 2019), it is likely that pMLKL might undergo
8 Cell Chemical Biology 28, 1–12, September 16, 2021
other transformations that contribute tomembrane permeabiliza-

tion or stabilization of pMLKL at the plasma membrane.

We have previously studied the involvement of lipids in nec-

roptosis and showed that saturated VLCFAs were upregulated

via activated biosynthesis and mediated membrane permeabili-

zation (Parisi et al., 2017, 2019). Our results suggested that these

VLCFAs might be incorporated into proteins during necroptosis

and targeted to certain membrane regions as a result of specific

protein-bilayer interactions, allowing high local concentrations of

these VLCFAs on the plasma membrane (Parisi et al., 2019). In

this work, we investigated the role of VLCFAcylation during nec-

roptosis and present two key findings.

First, we showed that pMLKL and MLKL are acylated by a

representative saturated VLCFA during necroptosis, and that

the acylation of pMLKL occurs downstream of MLKL phosphor-

ylation and plasma membrane localization, suggesting that the

acylation takes place at the plasma membrane. MLKL consists

of three domains: the four-helix-bundle, which mediates the in-

teractions with the membrane; the brace domain; and the pseu-

dokinase domain, which is phosphorylated by RIPK3 (Murphy

et al., 2013). This phosphorylation is critical for membrane

recruitment during necroptosis (Johnston and Wang, 2018).

Recently, it has been suggested that the four-helix-bundle also

contributes to the membrane recruitment and binding, in
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addition to the phosphorylation of the pseudokinase domain

(Petrie et al., 2020).

Our results suggest that the acylation of pMLKL andMLKL is S

linked and, in part, mediated by ZDHHC5, a member of the

palmitoyl transferase family, indicating the acylation of four-he-

lix-bundle domain during necroptosis. The integral ZDHHCs un-

dergo an autoacylation step on the cytosolic DHHC motif. The

acylated enzyme intermediate then transfers the acyl group to

its substrate (Jiang et al., 2018). As one of the few plasma mem-

brane-localized ZDHHC members, ZDHHC5 mediates the acyl-

ation of substrates at the plasma membrane and their plasma

membrane recruitment (Philippe and Jenkins, 2019), supporting

our findings that pMLKL and MLKL are acylated at the plasma

membrane during necroptosis. Several studies have suggested

increased binding of fatty acylated proteins to phosphoinositide

lipids (Yang et al., 2020; Chopard et al., 2018). As such, it is

possible that the membrane binding of pMLKL is enhanced after

its fatty acylation.

Recruitment of certain proteins to the cellular membranes via

S acylation is involved in numerous vesicle andmembrane fusion

events, including endocytosis (Chamberlain and Shipston,

2015). For a variety of proteins, endocytosis can be triggered

by partitioning of these proteins to cholesterol and sphingomye-

lin-rich membrane microdomains mediated by their S acylation

(Hilgemann et al., 2013).

ZDHHC5 activity is also involved in the recruitment of its tar-

gets to certain membranemicrodomains that affect the process-

ing of the substrates (Sergeeva and Van Der Goot, 2019), and

has been shown to regulate endocytosis. Specifically, its pres-

ence at the cell surface and in endosome-enriched lysates of

various cell types has been shown (Zhang et al., 2011; Diaz-

Vera et al., 2017). Screening-based approaches have also linked

ZDHHC5 activity to endosome-to-Golgi trafficking (Breusegem

and Seaman, 2014) and to massive endocytosis (Lin et al.,

2013). ZDHHC5 also acts on substrates that are directly involved

in endocytosis, including flotillins (Kwiatkowska et al., 2020; Li

et al., 2012). Flotillins mediate endocytic uptake of pMLKL for

targeted lysosomal degradation (Yoon et al., 2017; Fan et al.,

2019). Flotillins were also found to associate with pMLKL in exo-

somes, which then results in its extrusion from cells (Yoon et al.,

2017; Meister and Tikkanen, 2014). In parallel, the association of

pMLKL with the ESCRT machinery results in the extracellular

release of pMLKL-containing plasma membrane-derived vesi-

cles (Gong et al., 2017).

It is important to note that, similar to what we have observed

for modification with C20 alkFA, MLKL and pMLKL can also be

acylated by C16 alkFA during necroptosis (Figure S3F). Howev-

er, we believe that modifications by C16 FA and VLCFAs

contribute to membrane permeabilization differently during

necroptosis: we previously showed that VLCFAs interact with

membranes and disrupt their integrity in model liposomes and

molecular dynamics simulations (Parisi et al., 2019). Based on

the modest increases in VLCFAs during necroptosis, we pro-

posed that the incorporation of VLCFAs into proteins can facili-

tate their recruitment to defined membrane domains and allow

high local concentrations of these lipids at the membrane and

perturb membrane integrity (Parisi et al., 2019). Translocation

of pMLKL oligomers to the plasma membrane is driven by

electrostatic interactions between the oligomer interface and
negatively charged PIP-rich membrane domains (Dondelinger

et al., 2014). Several PIP species are known to be actively

involved in cell signaling cascades, both in endogenous pro-

cesses and in mechanisms of action of viruses and other patho-

gens (Bunney and Katan, 2010; Hammond and Burke, 2020;

Mucksch et al., 2019). Protein-lipid interactions can alter lipid

patterns on themembrane via electrostatic interactions or amino

acid insertion into the bilayer. In turn, lateral lipid sorting alters

the local mechanical and structural properties of the membrane

(Sengupta and Lippincott-Schwartz, 2020; Callan-Jones et al.,

2011; Monje-Galvan and Klauda, 2015). We propose that the

binding of pMLKL oligomers to defined regions of the plasma

membrane and further rearrangement of the local lipid distribu-

tion at their binding site allow high concentrations of FAs that

covalently modify pMLKL. Acylation of pMLKL oligomers would

allow the local recruitment of VLCFAs to membrane regions that

already possess different mechanical and structural properties,

which could facilitate their membrane disruption action. This

perturbation may be important in allowing MLKL to form pores

by assisting the formation of non-lamellar lipid structures of a

pore (Paz Ramos et al., 2016; Gilbert, 2016; Akimov et al.,

2017; Flores-Romero et al., 2020), although this remains to be

formally tested.

Second, we define the scope of protein VLCFAcylation during

necroptosis using state-of-the-art quantitative proteomics

methods. Overall, we observe a decreased number of proteins

are modified by a representative VLCFA during necroptosis.

Pathway analysis conducted using proteins that show different

levels of VLCFAcylation during necroptosis highlighted the

enrichment of proteins belonging to the endocytic and lysosomal

pathways.

Previous studies have shown that MLKL translocates to the

plasma membrane via Golgi-dependent trafficking downstream

of its phosphorylation (Samson et al., 2020) and that pMLKL can

associate with ESCRT proteins and flotillins, which is suggested

to result in the removal of pMLKL from the plasma membrane,

either through endocytosis, leading to degradation, or by direct

excision into the extracellular milieu (Yoon et al., 2017; Meister

and Tikkanen, 2014; Gong et al., 2017). Based on these observa-

tions, it is clear that vesicular trafficking is key for the mainte-

nance of pMLKL and MLKL at the plasma membrane. We

show that the use of Dynasore resulted in a strong rescue from

cell death during necroptosis and decreased the levels of mem-

brane-bound pMLKL, whereas thewhole cellular MLKL levels re-

mained unchanged. While Dynasore inhibits dynamin-mediated

budding of endocytic vesicles at the plasma membrane (Fergu-

son and De Camilli, 2012; Macia et al., 2006), it can also have

other effects, including on Golgi vesiculation and subsequent

cholesterol accumulation in the ER (Preta et al., 2015). As we

show that MLKL is modified by VLCFAcylation at the plasma

membrane (Figure 4C), the Dynasore results further support

the idea that proper endocytic trafficking is required for MLKL

function. As we have previously shown (Parisi et al., 2019),

VLCFAs can disrupt lipid bilayers and may be important in the

pore formation function of MLKL. The results presented here

suggest that targeting VLCFAcylation at the plasma membrane,

or the endomembrane transport machinery required for proper

MLKL localization, could be a way to delay membrane perme-

ability during necroptosis. Overall, our results provide insights
Cell Chemical Biology 28, 1–12, September 16, 2021 9



ll
Article

Please cite this article in press as: Pradhan et al., Protein acylation by saturated very long chain fatty acids and endocytosis are involved in necroptosis,
Cell Chemical Biology (2021), https://doi.org/10.1016/j.chembiol.2021.03.012
into the role of protein acylation by VLCFAs during necroptosis

and endocytic trafficking in maintaining pMLKL at the plasma

membrane during this process.

SIGNIFICANCE

Necroptosis is a well-characterized form of caspase-inde-

pendent regulated cell death that is involved in numerous

diseases. A hallmark of necroptosis is the membrane per-

meabilization and rupture that is mediated by mixed-linage

kinase-like protein (MLKL). This membrane rupture is linked

to the inflammatory properties of necroptosis and is critical

for disease states involving this process. It is established

that electrostatic interactions between phosphatidyl inositol

phosphates and phosphorylated MLKL (pMLKL) oligomers

facilitate the membrane recruitment of pMLKL. In an effort

to understand how lipids might contribute to necroptosis,

we previously showed that saturated very long chain fatty

acids (VLCFAs) accumulate and that they are functionally

involved in this process. Our results also indicated that pro-

tein fatty acylation by VLCFAs can be amechanism by which

VLCFAs contribute to this process. Herewedefine the scope

of protein acylation by saturated VLCFAs during necropto-

sis. First, we show that, although there is an overall decrease

in acylation, some proteins, including MLKL and pMLKL, are

exclusively acylated during necroptosis. Reducing the levels

of VLCFAs decreases the membrane recruitment of MLKL

and pMLKL and rescues from cell death, suggesting that

acylation by VLCFAs contributes to membrane localization

of pMLKL and subsequent membrane permeabilization.

Acylation of MLKL and pMLKL occur downstream of phos-

phorylation and oligomerization and appear to be S-linked.

Second, we show that disruption of the endosomal traf-

ficking pathway results in a strong rescue of cell viability

during necroptosis, highlighting the importance of endoso-

mal trafficking in the proper localization and maintenance

of pMLKL at the plasma membrane. Altogether, we show

that MLKL and pMLKL can be acylated by ZDHHC5 during

necroptosis, and that this acylation occurs at the plasma

membrane, which in turn depends on endosomal trafficking.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-MLKL

(phospho S358)

Abcam Cat# ab187091; RRID:AB_2619685

Rabbit monoclonal anti-MLKL Cell Signaling Technology Cat# 14993S; RRID:AB_2721822

Rabbit monoclonal anti-calnexin Cell Signaling Technology Cat# 2679S; RRID:AB_2228381

Rabbit polyclonal anti-MLKL Novus Biological Cat# NBP1-56729; RRID:AB_11025736

Rabbit polyclonal anti-ZDHHC5 MilliporeSigma Cat# SAB4301861; RRID AB_2889073

Rabbit monoclonal anti-phospho

S358-MLKL

Cell Signaling Technology Cat# 91689S; RRID:AB_2732034

Mouse monoclonal anti-a-tubulin MilliporeSigma Cat# T9026; RRID:AB_477593

Goat anti-rabbit HRP conjugate Promega Cat# W4011; RRID: AB_430833

Goat anti-mouse HRP conjugate Jackson Immunoresearch Lab Cat# 115-035-174; RRID: AB_2338512

Alexa Fluor� 488 AffiniPure Goat Anti-

Rabbit IgG

Jackson Immunoresearch Lab Cat# 111-545-144; RRID:AB_2338052

Bacterial and Virus Strains

ZDHHC5 MISSION shRNA Bacterial

Glycerol Stock

MilliporeSigma NM_015457; TRCN0000162357

ELOVL7 MISSION shRNA Bacterial

Glycerol Stock

MilliporeSigma NM_024930; TRCN0000116231

Chemicals, Peptides, and Recombinant Proteins

3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT reagent)

Alfa Aesar Cat# L11939; CAS: 298-93-1

Z-VAD-FMK Enzo Life Sciences Cat# ALX-260-020; CAS: 220644-02-0

Necrostatin-1s (Nec-1s) EMD Millipore Cat# 504297; CAS: 852391-15-2

BV6 Selleck Chemicals Cat# S7597; CAS: 1001600-56-1

TNF-a R&D Systems Cat# 210-TA/CF

Pierce� High Capacity NeutrAvidin�
Agarose

ThermoFisher Scientific Cat# 29202

Pierce� Protease Inhibitor Mini Tablets,

EDTA-free

ThermoFisher Scientific Cat# A32955

Puromycin MilliporeSigma Cat# P8833; CAS: 58-58-2

Polybrene MilliporeSigma Cat# TR-1003

X-tremeGENE 9 transfection reagent MilliporeSigma Cat# XTG9-RO

Mammalian Protein Extraction Reagent ThermoFisher Scientific Cat# 78501

Dynasore Cayman Chemical Cat# 14062; CAS:

304448-55-3

Necrosulfonamide Cayman Chemical Cat# 20844; CAS:

1360614-48-7

Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]

amine (TBTA)

Cayman Chemical Cat# 18816; CAS: 510758-28-8

Tris(2-carboxyethyl)phosphine (TCEP)

hydrochloride

VWR Cat# K831; CAS: 51805-45-9

Azide-PEG3-biotin conjugate MilliporeSigma Cat# 762024; CAS: 875770-34-6

Fatty acid-free BSA MilliporeSigma Cat# A7030; CAS: 9048-46-8

Hydroxylammonium chloride Alfa Aesar Cat# A15398; CAS: 5470-11-1

Methoxypolyethylene glycol

maleimide (mPEG)

MilliporeSigma Cat# 63187; CAS: 99126-64-4
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N-ethylmaleimide (NEM) MilliporeSigma Cat# E3876; CAS: 128-53-0

DynabeadsTM Proten A for

Immunoprecipitation

ThermoFisher Scientific Cat# 10001D

Triton� X-100 MilliporeSigma Cat# T9284

Triethanolamine Acros Organics Cat# 139560010; CAS: 102-71-6

Sodium dodecyl sulfate (SDS) MilliporeSigma Cat# L3771; CAS: 151-21-3

Tween 20 VWR Cat# VWRV0777-1L; CAS: 9005-64-5

Dithiothreitol MilliporeSigma Cat# GE17-1318-02; CAS: 3483-12-3

Iodoacetamide Bioultra MilliporeSigma Cat# I1149-100G; CAS: 144-48-9

Tris, Hydrochloride, ULTROL Grade MilliporeSigma Cat# 648313-1KG; CAS: 1185-53-1

Trypsin from bovine pancreas MilliporeSigma Cat# T6567-5X20UG; CAS: 9002-07-7

Formic acid, for mass spectrometry Fluka Cat# 56302-50ML-F; CAS: 64-18-6

Methanol, HPLC/ACS Grade Fisher Chemical Cat# A452-4; CAS: 67-56-1

Acetonitrile, HPLC/ACS Grade Fisher Chemical Cat# A998-4; CAS: 75-05-8

Acetone, HPLC/ACS Grade Fisher Chemical Cat# A949-4; CAS: 67-64-1

Sodium lauryl sulfate Fisher Scientific Cat# S529-500; CAS: 151-21-3

Critical Commercial Assays

Coomassie (Bradford) Protein Assay Kit ThermoFisher Scientific Cat# 23200

Supersignal West Pico Chemiluminescence

Substrate

ThermoFisher Scientific Cat# 34080

Pierce� BCA Protein Assay Kit ThermoFisher Scientific Cat# 23225

BCA Protein Assay G-Biosciences Cat# 786-572

Deposited Data

Proteomics Data ProteomeXchange PXD022527

Experimental Models: Cell Lines

HT-29 ATCC ATCC HTB38

Recombinant DNA

psPAX2 Gift from Didier Trono Addgene plasmid catalog#: 12260

pCMV-VSV-G Gift from Bob Weinberg (Stewart

et al., 2003)

Addgene plasmid catalog#: 8854

shRFP lentiviral construct Genetic Perturbation Platform (GPP), Broad

Institute

rfp_59s1c1;

TRCN0000072205 https://portals.

broadinstitute.org/gpp/public/clone/

details?cloneId=TRCN0000072205

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism 7 GraphPad https://www.graphpad.com/scientific-

software/prism/

Proteome Discoverer 1.4 Thermo Fisher Scientific https://planetorbitrap.com/relatedsoftware

Scaffold v4.8.4 Proteome Software, Inc. http://www.proteomesoftware.com/

products/scaffold/

SIEVE v2.2 ThermoFisher Scientific https://planetorbitrap.com/relatedsoftware

Other

TLS-55 Swinging-Bucket Rotor Beckman Coulter Life Science Cat# 346936

Fused silica Column Waters xselect csh

C18, 75um ID x 65 cm, 2.5um

Waters Self pack

Agilent ZORBAX 300SB-C18, 0.3mm ID x

5mm, 3.5um, 300 A

Agilent Cat# 5065-9913
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SUN-SRI Vial, Std. Screw Thread, 12x32,

250uL, PP w/Glass Insert, Standard

Opening

SUN-Sri Cat# 500 214

SUN-SRI Cap Kit, Threaded, PP, 8-425,

Black, PTFE/Silicone, 0.060"

SUN-Sri Cat# 500 062

SilicaTip� Emitters New Objective FS360-20-8-N-20-C4
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the Lead Contact, G. Ekin Atilla-Gokcumen

(ekinatil@buffalo.edu)

Materials availability
Plasmids psPAX2 (gift from Didier Trono) and pCMV-VSV-G (Stewart et al., 2003) used in this study were obtained from Addgene

plasmid repository or Millipore Sigma as bacterial glycerol stocks and were used as received or used as described in the STAR

METHODS section. The Addgene accession and MilliporeSigma information is provided in the key resources table. The bacterial

glycerol stock for shRFP in pLKO.1 vector was obtained from the Genetic Perturbation Platform, Broad Institute with details in

Key Resources table. Mammalian cell lines were obtained from ATCC and the information is provided in the key resources table.

See key resources table for other sources and reagents.

Data and code availability
The Proteomics experiment data are available via ProteomeXchange with identifier PXD022527. The project name is Quantitative

proteomics characterization of proteins modified by very long chain fatty acids (VLCFAs) under necroptosis with username:

reviewer_pxd022527@ebi.ac.uk and password: MisAktBm. Project DOI: Not applicable.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and culture conditions
Human colorectal adenocarcinoma HT-29 cell (ATCC� HTB-38�, adult Caucasian female origin) were cultured at 37⁰C in 5% CO2

atmosphere in DMEM supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin solution. Cells were

cultured for approximately 2 months and were routinely checked for mycoplasma infection. Cells were plated according to the

requirement of each experiment as described below.

Knockdown of ELOVL7 and ZDHHC5 in HT-29 cells were performed similarly as described previously (Parisi et al., 2017). Cells

were transducedwith lentiviral particles packagedwith shELOVL7, shZDHHC5 or shRFP in the pLKO.1-Puro vector and stably trans-

duced cells were selected with puromycin.

METHOD DETAILS

Necroptosis treatment
To induce necroptosis cell death, HT-29 cells were initially sensitized to TNF-dependent cell death pathway by SMAC mimetic BV6

(1 mM), and were co-treated with pan-caspase inhibitor zVAD-FMK (25 mM) and incubated for 30 min at 37⁰C. Cells were then treated

with TNF-a (10ng/mL) and was incubated for 3 h.

Apoptosis treatment
Cells were sensitized to TNF-dependent apoptosis cell death by using SMACmimetic BV6. HT-29 cells were treated with BV6 (1 mM)

for 30 min. TNF-alpha (10 ng/mL) was added after the 30 min BV6 treatment to initiate apoptosis for 24h.

Cell viability assays
HT-29 cells were seeded 96-well plates with 30,000 cells per well for 20 h before pretreatment with small molecule inhibitors. After the

designated pretreatment time and/or induction of cell death, the 96-well plate was centrifuged for 2 min at 200 rcf at room temper-

ature. The media was removed from each well and replaced with 200 mL of fresh media that contains 5 mg/mL of MTT reagent. The

plate was incubated at 37�C for 2.5 h and then centrifuged for 2 min at room temperature. 155 mL of media was removed from each

well and 90 mL of DMSO was added back. The plate was then incubated at 37�C for 10 min. Each well was then re-suspended to

solubilize the formazan crystal and was centrifuged at 1000 rcf for 2 min at room temperature. Absorbance was measured at
Cell Chemical Biology 28, 1–12.e1–e7, September 16, 2021 e3
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550 nm using Biotek Synergy H1 plate reader. In order to calculate the percent viability of treated cells compared to control cells, the

raw absorbance values of cells were subtracted with the average absorbance values of blanks (n R 3). All corrected absorbance

values were normalized to the average absorbance values of vehicle control cells and was expressed as percentage cell viability

(n R 3). Results are representative of at least two independent experiments.

C20 alkFA delivery and protein enrichment
HT-29 cells (1x107) were plated in 10 cmdishes for�16h. For proteomics, 30 dishes were used so that there were enough to combine

2 plates per sample for control, 4 plates per sample for necroptosis for 4 replicates per condition treated with alkFA, and one replicate

per condition treated with FA to assess non-specific binding (NSB). For Western blotting experiments, 1 plate per sample for control/

small molecule-treated/small molecule-treated necroptotic samples and 2 plates per sample for necroptosis were plated. Cells were

starved for 2 h and treated to induce necroptosis (final concentrations of 1 mM BV6, 25 mM zVAD, 10 ng/mL TNF-a) then alkFA was

added for 3 h before collection.

The complete media was removed and replaced with 7 mL DMEMwith no additives. 20 mM arachidic acid (C20 FA) and u-alkynyl

C20 fatty acid (C20 alkFA) were prepared in ethanol. C20 alkFA was diluted to 0.4 mM by adding 100 mL of 20 mM solution in ethanol

in pre-warmed sterile-filtered 10% fatty acid-free BSA in DMEM with no additives and sonicated at 50�C until use (�1-2 h). After

90 min starvation, DMSO was added to control flasks or BV6 and zVAD added to the necroptosis flasks. After 30 min, TNF-a was

added to necroptosis flasks followed by 1 mL of alkFA solution to achieve a final concentration of 50 mM alkFA. Plates were gently

rocked to further mix and incubated for 3 h before collection.

Cells were scraped from the plates on ice and transferred to 50 mL centrifuge tubes. Plates were rinsed with cold 1x PBS after

scraping, which was also transferred to the centrifuge tube. Cells were centrifuged for 5 min at 500 rcf at 4⁰C. The supernatant

was decanted and the cell pellets were washed two more times with cold 1xPBS. The supernatant was decanted and the cells

were resuspended in 1050 mL 1xPBS, from which 50 mL was transferred to an Eppendorf tube for protein measurements using Brad-

ford assay, and the remainder pellet was stored at -80⁰C.

Samples were thawed on ice, resuspended in 1xPBS with protease inhibitor with volumes normalized based on protein concen-

tration, then sonicated on a cold block, mixed and transferred into 1 mL ultracentrifuge tube. Approximately 1.2 mg of protein was

used for each condition. Lysates were centrifuged using TLS-55 swing bucket rotor (Beckman Coulter) at 35,000 rpm for 45 min at

4⁰C. The supernatant was decanted and 4% SDS in 1xPBS was added to the cell pellets, which were partially resuspended using a

pipette and transferred to an Eppendorf tube, then sonicated. They were placed on ice and subjected to protein precipitation using

cold 1xPBS, ice-cold methanol and ice-cold chloroform in 1:2:1.5 ratio. The tubes were vortexed, then centrifuged for 10 min at

maximum speed (16,900 rcf) at 4⁰C. The liquid layers were carefully decanted and one volume of methanol was added to the pellet,

which was then sonicated and centrifuged for 5 min at maximum speed at 4⁰C. The supernatant was decanted and the pellets were

resuspended in 4% SDS in 1xPBS with sonication.

For the CuAAC reaction, CuSO4 (1mM, stock 25mM in water), TBTA (250 mM, stock 2.5mM in DMSO), biotin-PEG3-azide (250 mM,

stock 10 mM in DMSO) and TCEP (1 mM, stock 50 mM in 1xPBS) were used. A mastermix of all the regents except TCEP was pre-

pared and added. TCEP was freshly prepared and added last. The samples were vortexed and incubated at 37�C for 1 h.

After the CuAAC reaction, the samples were again subjected to protein precipitation as described before to remove excess CuAAC

reagents. Samples were vortexed, then centrifuged for 10 min at maximum speed at 4⁰C. The liquid layers were carefully decanted

and one volume methanol was added to the pellet, which was then sonicated and centrifuged for 5 min at maximum speed at 4⁰C.

This step was repeated once. The pellets were then dissolved by sonication in 2% SDS in 1xPBS. Aliquots were taken for protein

measurement using BCA assay.

The samples were normalized according to protein concentration. For proteomics, approximately 600 mg of protein were taken into

a new Eppendorf tube for enrichment. For Western blot analysis, normalized samples containing approximately 200 mg of protein

were used for enrichment. The samples within each experiment were normalized to have the same amount of protein and then sub-

jected to enrichment. High capacity neutravidin-agarose resin was resuspended and for each sample, 20 mg slurry was transferred

into a 15 mL centrifuge tube and subjected to three 0.2% SDS in 1xPBS washes. The tubes were capped and inverted several times

tomix, then centrifuged again for 2min at 2000 rcf at room temperature. After the third wash, the resin was resuspended in 150 mL 1%

Brij-97 in 1xPBS then transferred to the sample. The samples were rotated end-over-end for 90min at room temperature, then centri-

fuged for 2min at 2000 rcf at room temperature. The enriched resin was subjected to threewashes of 0.2%SDS in 1xPBS followed by

three washes with regular 1xPBS. The samples were centrifuged for 2min at 2000 rcf at room temperature, then the supernatant was

carefully removed with suction and the resin was stored at -80⁰C for proteomics analysis. For Western blotting samples, resin after

washing was boiled in 50 mL 2x loading dye containing 5mM of TCEP.

Quantitative proteomics
Protein digestion. A surfactant-aided precipitation/on-bead digestion method was modified from our previous sample preparation

protocol(Shen et al., 2018a) and employed in the current study. In brief, beads were re-suspended with 60 uL 0.5% SDS, and

were sequentially incubated with 10 mM dithiothreitol (DTT) at 56⁰C for 30 min and 25 mM iodoacetamide (IAM) at 37⁰C for

30 min to denature protein and dissociate protein disulfide bonds. Both steps were conducted with rigorous oscillation in darkness

using a thermomixer (Eppendorf). A total of 7 volumes of chilled acetone was then added to the beads with constant vortexing, and

the mixture was incubated at -20⁰C for 3 hr. After centrifugation at 20,000 g, 4⁰C for 30 min, liquid was removed and the beads was
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rinsed by 500 uLmethanol and left to air-dry. A volume of 55 uL 50mMpH 8.4 Tris-formic acid (FA) was then added to the beads, and

a total volume of 5 uL trypsin (Sigma Aldrich) dissolved in 50 mM pH 8.4 Tris-FA was added for 6-hr digestion at 37⁰C with rigorous

oscillation in a thermomixer. Digestion was terminated by addition of 0.6 uL FA, and beads were pelleted by centrifugation at 20,000

g, 4⁰C for 30 min. Supernatant was carefully transferred to LC vials for analysis.

LC-MS analysis. The LC-MS system consists of a Dionex Ultimate 3000 nano LC system, a Dinex Ultimate 3000 micro LC system

with a WPS-3000 autosampler, and an Orbitrap Fusion Lumos mass spectrometer. A large-inner diameter (i.d.) trapping column

(300-um i.d. x 5 mm) was implemented before the nano LC column (75-um i.d. x 65 cm, packed with 2.5-um Xselect CSH C18 ma-

terial) for high-capacity sample loading, cleanup and delivery. For each sample, 4 uL derived peptides was injected twice consec-

utively for LC-MS analysis. Mobile phase A and B were 0.1% FA in 2% acetonitrile (ACN) and 0.1% FA in 88% ACN. The 180-min LC

gradient profile was: 4% for 3 min, 4–11 for 5 min, 11–32%B for 117min, 32–50%B for 10min, 50–97%B for 5 min, 97%B for 7 min,

and then equilibrated to 4% for 27 min. The mass spectrometer was operated under data-dependent acquisition (DDA) mode with a

maximal duty cycle of 3 s. MS1 spectra was acquired by Orbitrap (OT) under 120k resolution for ions within the m/z range of

400-1,500. Automatic Gain Control (AGC) and maximal injection time was set at 120% and 50 ms, and dynamic exclusion was

set at 45 s, ± 10 ppm. Precursor ionswere isolated by quadrupole using am/z window of 1.2 Th, andwere fragmented by high-energy

collision dissociation (HCD). MS2 spectra was acquired differently in the two LC-MS injections. One was by OT under 15k resolution

with amaximal injection time of 50ms, and the other was by Ion trap (IT) under Rapid scan rate with amaximal injection time of 50ms.

Detailed LC-MS settings and relevant information are enclosed in a previous publication by Shen et al. (Shen et al., 2017).

Data processing. LC-MS files were searched against Homo Sapiens Swiss-Prot protein sequence database (20,350 entries) using

Sequest HT embedded in Proteome Discoverer 1.4 (Thermo Fisher Scientific). Target-decoy searching approach using a concate-

nated forward and reverse protein sequence database was applied for FDR estimation purposes. Searching parameters include: 1)

Precursor ion mass tolerance: 20 ppm; 2) Product ion mass tolerance: 0.02 Da for OT, 0.8 Da for IT; 3) Maximal missed cleavages per

peptide: 2; 4) Fixedmodifications: carbamidomethylation of cysteine; 5) Dynamicmodifications: Oxidation of methionine, Acetylation

of peptide N-terminals. Peptide filtering, protein inference and grouping, and FDR control were accomplished by Scaffold v4.8.4

(Proteome Software, Inc.) The filtered peptide-spectrum match (PSM) list was exported. Proteomic quantification was performed

by an in-house developed MS1-based quantitative method, IonStar to achieve high-precision, low-missing data quantification

(Shen et al., 2018b). IonStar involves SIEVE v2.2 (ThermoFisher Scientific) and an in-house developed R package IonStarStat.

The major procedures include: i) Chromatographic alignment with ChromAlign for inter-run calibration of retention time (RT) shift.

Quality control and selection of the optimal reference for alignment were accomplished by monitoring alignment scores (>0.8)

and base-peak ion chromatogram intensity; ii) Data-independent MS1 quantitative feature generation using the DICEmethod, which

extracts ion chromatograms for all precursor ions with corresponding MS2 scans in the aligned dataset with a defined m/z-RT win-

dow (10 ppm, 1min). iii) Integration of the SQL database exported from SIEVE (containing corresponding intensities of all quantitative

features in the sample set) and the filtered PSM list by MS2 scan number using a customized R script. Frames with valid PSMs were

then subjected to dataset-wide normalization, multivariate outlier detection/removal, and aggregation to protein level using

IonStarStat. Detailed steps of the IonStar method can be found in the user manual (available at https://github.com/shichens1989).

Acyl-PEG exchange (APE)
APE procedure wasmodifed based on previous protocols (Percher et al., 2017). Control and necroptotic pellets were resuspended in

200 mL lysis buffer containing 5 mM EDTA. Protein content was measured using Bradford Assay and samples were normalized.

Approximately 1000 mg of proteins were taken for further procedures. Each sample was treated with freshly prepared 200 mM

neutralized TCEP to achieve a final concentration of 10 mM. The samples were rotated for 30 minutes at RT. The cysteines were

treated to freshly prepared 1 M NEM in ethanol to achieve final concentration of 25 mM. The samples were rotated for 2 h at

room temperature. The reaction was terminated by methanol-chloroform-water protein precipitations in the ratio of 2:1.5:1. Appro-

priate volumes of the prechilled solvents were added and the samples were gently vortexed. They were centrifuged for 10 minutes at

16900 rcf at 4⁰C. This process was repeated thrice. The solvents were gently decanted every time without disturbing the pellet.

After the last protein precipitation, the pellets were resuspended in 1xTEA buffer with 4% SDS and 5 mM EDTA. They were son-

icated in a cool water bath and gently vortexed in between till the pellet was solubilized. The samples were then split into two equal

fractions for treatment with and without NH2OH. The final concentration of NH2OH used was 0.75 M. A stock of 1 M in 1xTEA buffer

with 0.2%Triton X-100was freshly prepared and neutralizedwith NaOH. The portion of the samples undergoing NH2OH treatment an

appropriate volume of 1 M stock of NH2OH to achieve a final concentration of 0.75 M and the samples without NH2OH treatment

received an equal volume of 1xTEA buffer with 0.2% Triton X-100. The samples were rotated for 1 h at room temperature. After hy-

drolysis with NH2OH, the samples were subjected to a methanol-chloroform-water protein precipitation as described before. The

samples were gently vortexed and again centrifuged for 10 minutes at 16900 rcf at 4⁰C. The solvents were decanted without disturb-

ing the protein pellet. The pellets were resuspended in 1xTEA buffer with 4% SDS and 5 mM EDTA. They were sonicated in a cool

water bath and gently vortexed till the pellet was solubilized. A 1.33 mM stock solution of mPEG-Mal (5 kDa) was freshly prepared in

1xTEA buffer with 0.2% Triton X-100 and an appropriate amount of volume of the stock was added to the sample to achieve a final

concentration of 1 mM. The samples were rotated for 2 h at room temperature. After 2 h, the samples were subjected to a final meth-

anol-chloroform-water protein precipitation. The protein disc obtained after final protein precipitation was resuspended in 50 mL of

2x loading dye containing 5 mM TCEP. 50 mM stock TCEP was prepared in 1x TEA buffer with 4% SDS. The samples were vortexed

to disperse the protein disc and were boiled for 5 minutes at 100⁰C.
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Western blotting
Samples were loaded and separated with sodium dodecyl sulfate polyacrylamide gel (10%) electrophoresis at 120 V. Polyvinyl di-

fluoride (PVDF) membranes were then activated in methanol for five minutes. Once the membrane was activated, the separated pro-

teins were transferred onto the PVDFmembranes at 50 V for 2 hours. After transfer, the membranes were blocked in 10% non-fat dry

milk in tris-buffered saline (TBS)-Tween [10 mM Tris-base, 100 mM NaCl, 0.1% Tween 20 (pH 7.5)] at room temperature for 1 hour.

Membraneswerewashed three times at 10minute intervals in TBS-Tween. The correspondingmembraneswere incubated overnight

at 4⁰C with primary antibodies (1:1000 dilution for MLKL, 1:500 for pMLKL, 1:10000 for calnexin, 1:5000 for a-tubulin). After incuba-

tion, the membranes were then washed three times with TBS-Tween for 10 minute each time. The secondary antibodies used were

1:2000 anti-rabbit and 1:1000 anti-mouse. Secondary antibodies were diluted with 5% non-fat dry milk in TBS-Tween and incubated

for one hour at room temperature. The membranes were then washed again with TBS-Tween three times, 10 min each time, prior to

developing with Super Signal West Pico kit (Thermo Scientific).

Quantification of western blots
Quantitative analysis of Western Blot images was performed by using ImageJ software. A frame for measurement was developed by

using the rectangle tool of ImageJ to cover the largest band of the protein of interest. The same frame size was then applied for

measuring the intensity of the other protein bands. The background was also measured with the same frame to obtain background

intensity measurements. For the background measurement, a region near the protein of interest was used. The measured intensities

from the protein of interest and background were then inverted by deductingmeasurements from 255. 255 is the pixel value assigned

to white background. The inverted intensities of the protein bands of interest were corrected with the inverted intensities of the back-

ground. The relative intensities were obtained by dividing the corrected intensity of MLKL or pMLKL to the corrected intensity of the

loading control (calnexin, n = 3).

Microscopy
HT-29 cells were seeded onto glass coverslips in 24-well plates and treated as above to induce necroptosis. Following fixation with

4% paraformaldehyde, the cells were permeabilized and immunostained with rabbit monoclonal anti-phospho S358-MLKL, (Cell

Signaling, Cat. #91689S) followed by Alexa-488 goat anti-rabbit secondary, (Jackson ImmunoResearch, Cat. #111-545-144) along

with the nuclear DNA stain DAPI (Croft et al., 2018). After mounting on slides, microscopy was performed on aDragonfly spinning disk

confocal (Andor) and analyzed with FIJI (Schindelin et al., 2012) to determine the average pMLKL fluorescence intensity.

Immunoprecipitation (IP)
Necroptosis was induced in a plate of HT-29 cells (�1x107) and collected as described previously. The pellet was resuspended in

1 mL 1x PBS and protein content was measured using Bradford Assay. The cell suspension was centrifuged and resuspended in

an appropriate volume of 1x PBS-0.02% Tween�-20 to get final concentration of 2 mg/mL protein. The cell suspension was sonicated

and 100 mL aliquot (�200 mg of protein) was taken out and incubated with�1.5 mg of anti-MLKL antibody solution suitable for IP over-

night at 4⁰Cwith rotation. The lysate was incubatedwith 50 uL of Dynabeads� for 1 h at room temperature with rotation. The enriched

beads were separated from the lysate using a magnet and washed thrice with 1x PBS-0.02% Tween�-20. The beads were boiled

with 40 uL of 2x loading dye containing 5 mM of TCEP. SDS-PAGE was used for separation and gel bands were excised at the

approximate location of MLKL (�54 kDa) and subjected to mass spectrometry.

In-gel digestion and LC-MS on MLKL enriched lysates
Excised gel bands were first cut into smaller cubes (1-2 mm in each dimension) using a clean scalpel, and transferred to new LoBind

tubes (Eppendorf, Hauppauge, NY). Gel cubes were dehydrated by incubating in 500 mL acetonitrile (ACN) for 5 min with constant

vortexing and liquid was discarded (all dehydration steps below followed the same procedure if not specified). Gel de-staining was

performed by incubating in 500 mL 50% ACN in 50 mM Tris-FA (pH 8.4) overnight. Gel cubes were then dehydrated three times and

kept at 37⁰C in a Thermomixer for 5 min to completely evaporate remaining ACN. Protein reduction was performed by incubating

dehydrated gel cubes in 100 mL 10mMDTT (in Tris-FA) at 56⁰C for 30 min with constant shaking. After dehydration, protein alkylation

was performed by incubating dehydrated gel cubes in 100 mL 25 mM IAM (in Tris-FA) at 37⁰C for 30 min with constant shaking (in

darkness). Gel cubes were then dehydrated three times and incubated in 200 mL 0.0125 mg/mL trypsin (in Tris-FA) on ice for

30 min. Excess trypsin was then removed and replaced by 200 mL Tris-FA, and samples were incubated at 37⁰C overnight with con-

stant shaking. Tryptic digestion was terminated by addition of 20 mL 5% FA and incubation for 15 min with constant vortexing, and

liquid was transferred to new LoBind tubes. Gel bands were dehydrated by sequential incubation with 500 mL 50% ACN in 50 mM

Tris-FA and 500 mL ACN, each for 15 min with constant vortexing, and liquid from all three steps was combined. Protein digest was

dried in a Speed-Vac and reconstituted in 50 mL 1% ACN and 0.05% trifluoracetic acid (TFA) in ddH2O with 10-min gentle vortexing.

Samples were centrifuged at 18,000 g, 4⁰C for 30 min, and transferred to LC vials for analysis.

LC-MS analysis and data processing. LC-MS files were searched against Homo Sapiens MLKL protein sequence using

Sequest HT embedded in Proteome Discoverer 1.4 (Thermo Fisher Scientific). Searching parameters include: 1) Precursor ion

mass tolerance: 20 ppm; 2) Product ion mass tolerance: 0.8 Da; 3) Maximal missed cleavages per peptide: 2; 4) Fixed
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modifications: carbamidomethylation of cysteine; 5) Dynamic modifications: Oxidation of methionine, Phosphorylation of

serine/threonine/methionine. C16:0/C20:0/C22:0/C24:0 modification of cysteine was included as dynamic modifications in separate

searches. Search results and MS spectra were exported from Proteome Discoverer.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis for the western blot quantifications, cell viability experiments and proteomics were performed using unpaired

Student’s t-test. p values and numbers of replicates in all figures are indicated in figure legends, where ***p < 0. 001, **p < 0.01,

*p < 0.05, and ns is p > 0.05.
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