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SUMMARY 

Necroptosis is a form of regulated cell death that is characterized by membrane 

permeabilization. This permeabilization is responsible for the inflammatory properties of 

necroptosis and is critical for disease states involving this process. 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 mixed lineage kinase like protein (MLKL) and phosphoMLKL, 

key proteins 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 oligomerization and appears to be, in part, mediated 

by ZDHHC5 (a palmitoyl transferase). We also show that disruption of the clathrin-mediated 

endocytosis increases cell viability during necroptosis, likely by removing phosphoMLKL from 

the plasma membrane.  
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INTRODUCTION 

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 formation, neurodegenerative disorders and inflammation1. Multiple forms of regulated 

cell death that are executed by distinct pathways have recently been characterized. A 

fundamental phenotypic difference between them and apoptosis is the permeabilization of the 

cellular membranes early on in the process which causes an inflammatory phenotype.2 

Necroptosis is one of these inflammatory programmed cell death pathways and is 

dependent on the activity of receptor interacting protein kinase 1, 3 (RIPK1, RIPK3) and mixed 

lineage kinase like protein (MLKL) phosphorylation when caspase activity is reduced.3-4 

Necroptosis exhibits phenotypic hallmarks of necrosis including cellular swelling, loss of plasma 

membrane integrity, and the release of intracellular content.3-4 Closely linked to this membrane 

permeabilization and associated inflammatory response, necroptotic cell death has been 

observed in many diseases, including ischemia/reperfusion injuries5 and myocardial infarction6. 

MLKL oligomerization and translocation to the plasma membrane is required for 

necroptosis7. MLKL consists of a C-terminal kinase-like domain that interacts with RIPK3, which 

results in its phosphorylation8. This phosphorylation triggers the oligomerization and 

translocation of pMLKL to the plasma membrane.9 The membrane recruitment of the oligomer is 

mediated by electrostatic interactions between positively charged regions of pMLKL and 

negatively charged phosphatidylinositol phosphate-rich domains of the membrane.10 While it 

seems clear from a number of studies that the membrane association of pMLKL oligomers are 

important for membrane permeabilization7, 11-12, the mechanism of membrane permeabilization 

induced by pMLKL oligomers is not completely understood. It is unclear how pMLKL oligomers 

impact membrane packing, whether other chemical transformations that pMLKL undergo impact 

membrane association and the presence 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 mediate endosomal trafficking involving constitutive generation of vesicles that can 

fuse with lysosomes or the plasma membrane irrespective of phosphorylation by RIPK3 and this 

phenomenon is further enhanced after phosphorylation.13 Furthermore, trafficking that results in 
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the removal of pMLKL from the plasma membrane may lead to delay in membrane 

permeabilization and cell death during necroptosis.13 

Motivated by lipids’ role in numerous membrane-related transformations, our laboratory 

has investigated the role of lipids in necroptosis, specifically during membrane permeabilization. 

We found that saturated very long chain fatty acids (VLCFAs) accumulated during necroptosis 

via activation of fatty acid biosynthesis and elongation.14 We also showed that VLCFAs have a 

higher propensity to disturb membrane packing in liposomes and in cells most likely due to 

interleaflet interdigitation.15 One intriguing observation was that in liposomes and during 

molecular dynamics simulations, high concentrations of VLCFAs were required to induce 

membrane permeabilizations whereas the intracellular concentration required for plasma 

membrane permeabilization was much lower. These observations suggest that VLCFAs can 

achieve high local membrane concentrations in cells during necroptosis. We envisioned that 

one way in which VLCFAs can reach high local membrane concentration was through their 

incorporation to proteins and the recruitment of the protein-lipid complex to distinct membrane 

locales. Since fatty acylation by saturated VLCFAs is understudied, we utilized ω-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.15  

In this work, we identify the proteins that are acylated by VLCFAs using a clickable fatty 

acid analog and investigated the involvement of acylation by VLCFAs in necroptosis. We first 

carried out quantitative proteomics with a unique IonStar approach16 to identify proteins that are 

differentially 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 

necroptosis. 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. Perturbing the endocytic 

trafficking using a small molecule inhibitor resulted in increased cell viability and decreased the 

levels of membrane localized pMLKL suggesting the removal of pMLKL from the membrane via 

exocytosis or degradation. Our results show for the first time the differential protein fatty 

acylation by a VLCFA during necroptosis and suggests a novel mechanism of membrane 

recruitment and maintenance of pMLKL in this process.  

RESULTS 
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Differential incorporation of ω-alkynyl C20:0 fatty acid during necroptosis. Our previous 

studies on establishing the changes in the lipid landscape during necroptosis showed that 

saturated VLCFAs are strongly upregulated during this process14 and are involved in membrane 

permeabilization15. We have also shown that these VLCFAs could be incorporated into proteins 

and this fatty acylation might play a role in necroptosis, for instance by targeting of VLCFAs to 

certain membrane regions resulting in high local concentrations, mediated by the protein-

membrane interactions.15 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 adenocarcinoma epithelial cells with BV6/zVAD-

FMK/TNF-α treatment, confirmed by the decrease in cell viability (Figure 1A) and membrane 

localization of pMLKL (Figure 1B, Figure S1A). Following that, we used ω-alkynyl C20:0 fatty 

acid (C20 alkFA) to identify proteins that are modified with this probe using delivery and 

enrichment protocols we described previously15 (Figure 1C, n=3 for each condition, see 

Materials and Methods). After collecting cell pellets and isolating membrane fraction by 

ultracentrifugation, we installed a biotin reporter by copper catalyzed alkyne-azide cycloaddition 

(CuAAC) and captured proteins that are covalently modified by C20 alkFA (referred to as 

enriched portion from here on). 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 proteins were enriched on the neutravidin beads, beads were 

resuspended in detergent containing buffers and were then subjected to a surfactant-aided 

precipitation/on-bead digestion procedure modified from a recently published method17 (see 

Materials and Methods for details, Figure 1C). Derived tryptic peptides were analyzed by a well-

optimized trapping nano LC-Orbitrap mass spectrometry system. Each sample was analyzed 

twice, once by Orbitrap (OT) and once by Ion Trap (OT) 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 

proteomics method (Figure 1C, see Materials and methods for details)16. As a result, a total of 

1672 proteins were quantified with high precision and no missing data across samples in the 

same condition. 

The scatter plots 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 cells (Figure 
S1B). Based on the strong correlation between OT and IT dataset (R2>0.99 for control and 
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necroptotic samples), we concluded that our measurements reflect biological rather than 

technical variation. 

 

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-α treatment. Error bars represent 1 SD; n=5. *** represents 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). Scalebar represents 10 µm. (C) HT-29 cells were treated 
with endogenous C20:0 FA or C20:0 alkFA for 3h to account for non-specific and specific 
interactions respectively. Control and necroptotic cells were then membrane fractionated, 
subjected to CuAAC and installed with a biotin reporter. Biotinylated proteins were captured on 
neutravidin and subjected to on-bead trypsin digestion followed by quantitative proteomics.  

 
In order to eliminate proteins that are enriched due to non-specific interactions 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 
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with neutravidin resin due to the lack of biotin modification. Out of the total 1672 proteins that 

were quantified in samples enriched from control and necroptotic cells, 1267 were detected with 

higher abundance in control cells and 405 were detected with higher abundance in necroptotic 

condition (Table S1). Figure 2A shows the difference in mean intensities of proteins detected 

(total of 1672 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 

platforms, we also observe a strong correlation between the differences in mean intensities for 

detected proteins in control and necroptotic conditions showing that these differences reflect 

biological variation rather than technical ones. Furthermore, an interesting observation was that 

a large number of proteins appeared to be only acylated 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 (Figure 2B, Figure 
S2), however there is a distinct group of 158 proteins that are VLCFAcylated exclusively in 

necroptotic cells. 

 
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 (1672) 
undergoing acylation in either control, necroptotic or both conditions. Blue and red bars 
represent the number of proteins with high abundance in control or necroptotic cells, 
respectively. A higher number of proteins appear acylated in only control (561) as compared to 
only necroptosis (158). Overall, fewer proteins undergo acylation in necroptosis (405) as 
compared to control (1267). 
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MLKL and pMLKL are acylated during necroptosis. A total of 1332 proteins showed 

differential acylation by VLCFAs significantly (p < 0.01) during necroptosis: the acylation of 285 

proteins were upregulated during necroptosis whereas 1047 showed a reduction in 

VLCFAcylation in the process (Table S1). Among the 285 proteins with increased 

VLCFAcylation during necroptosis, 158 were only detected in necroptotic cells. Based on our 

previous work suggesting increased VLCFA levels and protein fatty acylation could be involved 

in necroptosis14-15, we initially turned our attention to proteins with increased VLCFAcylation 

during necroptosis. 

Intriguingly, MLKL was one of these proteins which appeared to be modified by C20:0 

alkFA only during necroptosis. Our proteomics data set is limited in distinguishing peptides from 

unmodified ones, therefore little information was obtained whether MLKL and/or pMLKL was 

acylated. Hence, we investigated the fatty acylation of MLKL and pMLKL using western blotting. 

We enriched fatty acylated proteins from control and necroptotic cells as we described above 

and analyzed protein content using western blotting. We detected both MLKL and pMLKL in 

necroptotic cells but not in control cells suggesting that both MLKL and pMLKL can be fatty 

acylated during necroptosis and that their acylation is not appreciable in the absence of 

necroptotic activity (Figure 3A). In order to understand the nature of acylation, we treated 

control and necroptotic cells with C20:0 alkFA, fractionated membrane proteins and installed 

Biotin-azide. We then treated the lysates with hydroxylamine (NH2OH) which cleaves thioester 

linkages18, and carried out protein enrichment through neutravidin beads. When we subjected 

the bead-bound proteins to western blotting, MLKL and pMLKL signal from necroptotic samples 

completely disappeared with NH2OH treatment compared to control samples, suggesting that 

MLKL and pMLKL may be acylated via S-linkage (Figure 3B). 
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Figure 3. MLKL and pMLKL are acylated downstream of RIPK1 activation. (A) Western blot 
analysis of proteins from C20 alkFA treated control and necroptosis cells. After cell lysis and 
Biotin-azide attachment via CuAAC, acylated proteins are enriched on neutravidin resin. The 
samples are blotted for MLKL and pMLKL and Calnexin. Calnexin is used as a loading control. 
We note that the treatments with C20 FA and C20 alkFA and the western blot analysis were 
carried out during the same experiment. Uncropped western blot image in shown in Figure S3B. 
(B) Acylation of MLKL and pMLKL with C20 alkFA show hydroxylamine sensitivity. Control and 
necroptotic cells treated C20 alkFA were membrane fractionated and subjected to CuAAC with 
Biotin-azide. The proteins were treated with 0.3 M hydroxylamine for 1h, enriched using 
neutravidin beads, then blotted for MLKL and pMLKL and Calnexin. Calnexin is used as a 
positive control for hydroxylamine sensitivity. We note that NH2OH treatment does not cause 
protein degradation (data not shown). Reduction of signal with hydroxylamine treatment 
indicates that MLKL and pMLKL acylation occurs primarily through S-linkages. (C and E) 1 μM 
Nec-1s (C) and 1 μM NSA (E) reduce necroptotic cell death. Percent cell viability of control, 
Nec-1s or NSA-treated and necroptotic cells are shown. Necroptosis is induced with BV6/zVAD-
FMK/TNF-α treatment. Error bars represent 1 SD; n=5. *** represents p < 0.001. (D and F) 
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 and Nec-1s/NSA were 
membrane fractionated and subjected to CuAAC with Biotin-azide and enrichment using 
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neutravidin beads. The proteins on the beads were blotted for MLKL and pMLKL. Nec-1s (D) 
and NSA (F) treatment reduce VLCFAcylation of MLKL and pMLKL. 

 

pMLKL acylation occurs downstream of RIPK1 activity and its membrane localization. 
RIPK1 activity is critical for MLKL phosphorylation and its translocation to plasma membrane 

during necroptosis.7 In order 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 3C). We treated necroptotic cells and Nec-1s-protected cells with C20 alkFA, 

fractionated membrane proteins and installed Biotin azide. We then enriched for proteins that 

are modified with C20 alkFA using neutravidin as described above. Figure 3D shows the levels 

of MLKL and pMLKL in the enriched portion in necroptotic and Nec-1s-protected cells compared 

to control cells. We detected very low MLKL and pMLKL in the protected group, suggesting that 

no appreciable fatty acylation of pMLKL takes place in protected cells. This finding is important 

because it suggests that pMLKL is acylated downstream of RIPK1 activity (Figure 3D).  

The next step in canonical necroptosis signaling after MLKL phosphorylation is the 

oligomerization of pMLKL, membrane recruitment, and binding. Using a similar approach as we 

describe above for inhibiting RIPK1 activity, we used a small molecule necrosulfoamide8 (NSA) 

which prevents the oligomerization of pMLKL, membrane translocation and rescues cell death in 

necroptosis (Figure 3E). We treated necroptotic cells and NSA-protected cells with C20 alkFA 

and enriched for proteins that are acylated with C20 alkFA using neutravidin. Figure 3F shows 

the levels of acylated MLKL and pMLKL in necroptotic and NSA-protected cells compared to 

control cells. We detected a significant decrease in acylation of MLKL and pMLKL in the 

protected group (Figure 3F) whereas their cellular levels did not change (as detected in whole 

lysates, Figure S3A), suggesting that the acylation of pMLKL occurs downstream to 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 fatty acid 

of clickable fatty acid analogs. We wanted to confirm that VLCFAcylation occurs in cells and 

during necroptosis without perturbing lipid levels by exogenous delivery. To achieve this, we 

tested whether the reduction of VLCFAs would impact the membrane recruitment of pMLKL 

during necroptosis. If our hypothesis that VLCFAcylation of pMLKL is functionally important for 

cell death during necroptosis is correct, we should see a decrease in pMLKL acylation (hence 



 11 

its membrane recruitment) and a rescue in cell death when the levels of VLCFAs are depleted. 

We reduced the levels of VLCFAs by lentivirus-based ELOVL7 knockdown15 and tested the 

membrane recruitment of MLKL and pMLKL. The knockdown of ELOVL7 increased the viability 

of necroptotic cells as expected (Figure 4A) and reduced the levels of membrane-associated 

pMLKL during necroptosis (Figure 4B) supporting that VLCFAcylation of MLKL and pMLKL 

could be important for necroptotic cell death.  

 

Figure 4. Knockdown of ELOVL7 and ZDHHC5 reduces cell death and membrane 
recruitment of MLKL and pMLKL during necroptosis. (A) ELOVL7 knockdown reduces 
necroptotic cell death. Percent cell viability of shRFP and shELOVL7 transduced cells treated 
with BV6/zVAD-FMK/TNF-alpha to induce necroptosis compared to vehicle-treated control cells. 
Error bars represent 1 SD; n=5. *** represents p < 0.001 (B) Western blot analysis of membrane 
fraction from untreated and necroptotic shRFP and shELOVL7 cells. Cell lysates are 
fractionated by ultracentrifugation and membrane fractions are analyzed. Decrease in MLKL 
and pMLKL are observed in necroptotic shELOVL7 as compared to necroptotic control cells 
suggesting that membrane recruitment is reduced in shELOVL7 cells. (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. The 
proteins on the beads were blotted for MLKL, pMLKL and calnexin. ~40% decrease in the 
enriched pMLKL is observed as compared to necroptotic control cells suggesting role of 
ZDHHC5 in VLCFAcylation during necroptosis. 
 

ZDHHC5 is in part responsible for MLKL acylation. Our results suggest that the 

incorporation of VLCFAs to MLKL and pMLKL are S-linked.14 S-linked acylation is a post-

translational modification where fatty acids are covalently attached onto proteins via thioester 

bond.19 These modifications are catalyzed by a family of 23 protein acyltransferases (ZDHHCs). 

All proteins of this family have a conserved catalytic zinc binding site, aspartic acid-histidine-

histidine-cysteine (DHHC) cytosolic domain and several transmembrane domains.19-20 The 

family members share less homology within the N-and C-terminal cytosolic domains which are 

responsible for their recognition with specific substrates, although redundancy between different 
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members have been reported.19, 21 The substrate specificity of ZDHHCs are also greatly 

impacted by the cellular (co)localization with substrates at the plasmalemma, 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.19 

Many members of the ZDHHC S-acyltransferases reside at the endoplasmic reticulum 

and Golgi apparatus and ZDHHC5 is one of the few members of the family that is localized to 

the plasma membrane and endosomal compartments.22-23 Studies have shown that the 

acylation of target proteins by ZDHH5 takes place at the plasma membrane and retains them at 

this location, controlling their subcellular localization.23-25 ZDHHC5 is also involved in regulation 

of the localization of endocytosis-related proteins that have been linked to MLKL recycling.26 

Based on these observations and the fact that pMLKL acylation occurs downstream to its 

oligomerization, potentially at the plasma membrane, we focused on investigating ZDHHC5 as a 

potential acyltransferase that might be responsible for the incorporation of MLKL/pMLKL. We 

knocked down ZDHHC5 using lentiviral shRNA (see Methods) and tested whether ZDHHC5 

could be responsible for the incorporation of VLCFAs to pMLKL during necroptosis by addition 

of C20 alkFA to shRFP and shZDHHC5 cells and subsequent enrichment of proteins containing 

this probe via click chemistry and using neutravidin beads. We observed a decrease in the 

levels of enriched pMLKL in shZDHHC5 cells (Figure 4C), suggesting that VLCFAcylation of 

pMLKL during necroptosis is, at least in part, mediated by ZDHHC5. Overall, our results support 

that ZDHHC5 activity might play a role in acylation and membrane recruitment and retainment 

of pMLKL during necroptosis. However, since we still observe VLCFAcylation of pMLKL in 

shZDHHC5 cells, the involvement of other ZDHHCs in pMLKL acylation is likely.   

Enrichment analysis suggests an involvement of endocytosis in necroptosis. Next, in 

order to gain insights on whether proteins from a specific pathway are targets of VLCFAcylation 

during necroptosis, we carried out enrichment analysis using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) Bioinformatics Resource.27 We input proteins 

that showed differential fatty acylation (p < 0.01) during necroptosis into DAVID which then 

mapped these genes against the KEGG database.28 Eight pathways showed significant 

enrichments (p < 0.05, Benjamini Hochberg FDR, Figure 5A, Table S2) in this dataset. Three of 

the eight pathways (SNARE interactions, lysosome and endocytosis) were vesicular trafficking 

related (highlighted in gray in Table S2).  

Endocytic and lysosomal activity affect MLKL and pMLKL trafficking and recycling from 

the plasma membrane. The association of pMLKL and MLKL with flotillin 1 and 2 leads to their 
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endocytosis followed by lysosomal degradation of pMLKL.13, 29 Other than endocytosis of MLKL, 

flotillins were also found to associate with MLKL in exosomes which then results in the extrusion 

of pMLKL from cells.13, 30 Studies have also suggested that MLKL and pMLKL associate with 

proteins of the ESCRT (endosomal sorting complex required for transport) machinery or those 

accessory to their function which causes a delay in membrane permeabilization during 

necroptosis.31  

S-acylation of proteins impacts endocytic activity.32-33 Hence based on the differential 

acylation of endocytic proteins during necroptosis, we hypothesized that endocytic pathway may 

be involved in necroptosis. To test this hypothesis, we took a pharmacological approach of 

targeting endocytic pathway using dynasore. Dynasore is a cell permeable and rapidly acting 

small molecule inhibitor for dynamin 1, dynamin 2 and dynamin-related protein 1, which promote 

fission and budding of the endocytic vesicles on the plasma membrane into the cytosol.34-35 We 

pre-treated HT-29 cells with dynasore, induced necroptosis via addition of BV6 and Z-VAD-fmk 

followed by TNF-α treatment for 3h, and assessed the changes in cell viability in the presence of 

the small molecules. Dynasore pretreatment prevented cell death significantly (p < 0.001) 

compared to necroptotic cells (Figure 5B). We note that the rescue is specific to necroptosis 

and is not observed in apoptosis suggesting that it is not the inhibition of canonical TNF-α 

signaling that mediated the rescue (Figure 5B). We then investigated the effect of dynasore 

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 affecting MLKL levels (Figure 5D). These results suggest that the rescue 

we observe in cell death could be due to either blocking the phosphorylation of MLKL or 

removal of pMLKL from the plasma membrane. Based on the previous studies showing the 

effect of membrane trafficking in clearing pMLKL containing damaged plasma membrane 

structures, we believe the decrease in pMLKL levels we observe upon inhibiting endocytosis is 

due to its removal form the plasma membrane, possibly through exocytocytic scission.  
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Figure 5. Inhibition of endocytic pathway specifically ameliorate necroptotic cell death. 
(A) Pathway enrichment analysis of proteins that show differential fatty acylation during 
necroptosis. 8 pathways significantly enriched (corrected p value < 0.05). (B) Small molecule 
inhibitor targeting endocytic pathway rescues necroptotic cell death, but not apoptotic cell death, 
in HT-29 cells. HT-29 cells were pretreated with 100 µM dynasore for 2 hours. Vehicle-treated 
control cells were treated with DSMO. For induction of necroptosis, cells were treated with 
BV6/zVAD-FMK/TNF-α. For induction of apoptosis, cells were treated with BV6/TNF-α. The 
percent cell viability in the presences of inhibitor during necroptosis was compared to the 
vehicle-treated control cells. Error bars represent 1 SD; n ≤ 5. * represents p < 0.05, ** 
represents p < 0.01, *** represents p < 0.001, ns represents not significant. (C-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 are fractionated by ultracentrifugation and 
membrane fractions are analyzed. The decrease in pMLKL observed in necroptosis when 
dynasore is present suggesting endocytosis maybe involved in necroptosis.  
 

DISCUSSIONS/CONCLUSIONS 

There are multiple signaling pathways that can be activated in response to TNF-α 

activation. This activation, in the presence of low caspase-8 activity and low activity of the of the 

cellular inhibitor of apoptosis antagonists, results in the activation of necroptotic signaling, 

activation of RIPK3, and phosphorylation of MLKL in necroptosomes.36 A recent study illustrated 

that downstream to its phosphorylation, MLKL translocates to the plasma membrane via Golgi-, 

actin- and microtubule-dependent trafficking, a new rate-limiting factor in necroptosis.37 Upon 
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binding to the plasma membrane, pMLKL oligomers induce membrane permeabilization36 which 

does not appear to occur via the formation of regularly-structured membrane pores37. Based on 

these observations and others29, it is likely that other transformations that pMLKL might undergo 

contribute to membrane permeabilization or the mechanism that stabilizes pMLKL oligmers at 
the plasma membrane.  

We have previously studied the involvement of lipids in necroptosis and showed that 

saturated VLCFAs were upregulated via activated biosynthesis and mediate membrane 

permeabilization.14-15 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.15 In this work, we investigate the role of VLCFAcylation during necroptosis and 

present two key findings. 

First, we show that pMLKL and MLKL are acylated by a representative saturated VLCFA 

during necroptosis. We have also shown that the acylation of pMLKL occurs downstream to 

MLKL phosphorylation and plasma membrane localization, suggesting that the acylation takes 

place at the plasma membrane. MLKL consists of three domains: the 4-helix-bundle which 

mediates the interactions with the membrane; the brace domain, and the pseudokinase domain 

that is phosphorylated by RIPK3.38 This phosphorylation is critical for membrane recruitment 

during necroptosis.39 Recently, it has been suggested that the 4-helix-bundle also contributes to 

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

domain.40 The 4-helix-bundle domain has two predicted sites for palmitoylation (Cys18 and 

Cys24, SwissPalm41). Our results suggest that the acylation of pMLKL and MLKL is S-linked 

and, in part, mediated by ZDHHC5, a member palmitoyl transferase family, indicating the 

acylation of 4-helix-bundle domain during necroptosis. The integral ZDHHCs undergo an 

autoacylation step on the cytosolic DHHC motif. The acylated enzyme intermediate then 

transfers the acyl group to its substrate.19 As one of the few plasma membrane-localized 

ZDHHC members, ZDHHC5 mediates the acylation of substrate at the plasma membrane and 

their plasma membrane recruitment20, supporting our findings that of pMLKL and MLKL are 

acylated at the plasma membrane during necroptosis. Several studies have suggested 

increased binding of fatty acylated proteins to phosphoinositide lipids.42-43 As such, it is possible 

that the membrane binding of pMLKL is enhanced after its fatty acylation. 

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 S3B). 
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However, 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.15 Based on the modest increases of VLCFAs during necroptosis, we proposed that 

the incorporation of VLCFAs into proteins can facilitate their recruitment to defined membrane 

domains and allow high local concentrations of these lipids at the membrane and perturb 

membrane integrity15. Translocation of pMLKL oligomers to the plasma membrane is driven by 

electrostatic interactions between the oligomer interface and negatively charged 

phosphatidylinositol phosphate (PIP)-rich membrane domains.44 Several PIP species are known 

to be actively involved in cell signaling cascades, both in endogenous processes as well as in 

mechanisms of action of viruses and other pathogens.45-47 Protein-lipid interactions can alter 

lipid patterns on the membrane 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.48-50 Binding of pMLKL oligomers to defined regions of the plasma membrane and 

further rearrangement of the local lipid distribution at their binding site allows high concentration 

of fatty acids 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 facilitates their membrane disruption action. 

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 pMLKL can associate with ESCRT proteins and flotillins which is suggested to 

result in the removal of pMLKL containing regions from the plasma membrane and their 

degradation.13, 30-31 In parallel, flotillin association of pMLKL can result in its removal from the 

plasma membrane via exosomes. Based on these observations, it is clear that vesicular 

trafficking is key for maintenance of pMLKL and MLKL at the plasma membrane. We show that 

inhibition of clathrin-mediated endocytosis resulted in a strong rescue from cell death during 

necroptosis and decreased the levels of membrane bound pMLKL, whereas the whole cellular 

MLKL levels remained unchanged, suggesting that the inhibition of endocytosis pathway 

enhances the removal of pMLKL from the plasma membrane and preserves plasma membrane 

integrity. These results suggest for the first time that targeting endocytosis could be a way to 

delay membrane permeability during necroptosis. Overall, our results provide novel findings on 
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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-independent regulated cell death that is 

involved in numerous diseases. A hallmark of necroptosis is the membrane permeabilization 

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 efforts 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 protein fatty acylation by 

VLCFAs can be a mechanism by which VLCFAs contribute to this process. Here we define the 

scope of protein acylation by saturated VLCFAs during necroptosis. 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 

phosphorylation and oligomerization and appear to be S-linked. Second, we show that 

disruption of clathrin-mediated endocytic pathway results in a strong rescue in cell viability 

during necroptosis, likely by removal of pMLKL from the plasma membrane. Altogether, we 

show for the first time that MLKL and pMLKL can be acylated during necroptosis. We also show 

that disruption of endocytosis presents a promising strategy to delay membrane 

permeabilization and cell death during necroptosis by promoting the removal of pMLKL from the 

plasma membrane.  

 

HIGHLIGHTS 
• Saturated VLCFAs are differentially incorporated to proteins during necroptosis. 

• pMLKL/MLKL exhibit acylation by VLCFAs in necroptosis.  

• Blocking endocytosis results in a strong rescue form cell death during necroptosis. 
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eTOC  
Pradhan et al. show that MLKL and pMLKL are acylated by saturated very long chain fatty acids 

during necroptosis and that the disruption of endocytosis decreases the levels of membrane 

bound pMLKL and MLKL, resulting a rescue from cell death during this process.   

EXPERIMENTAL PROCEDURES 
Detailed information on the materials used can be found in the Supplemental Experimental 

Procedures section, as well as detailed procedures for cell culture and other analyses. 

SUPPLEMENTAL INFORMATION 
Supplemental Information includes 3 figures, 2 tables, materials used, experimental procedures 

and can be found with this article online. 

Proteomics data are available via ProteomeXchange with identifier PXD022527 

Project Name: Quantitative proteomics characterization of proteins modified by very long chain 

fatty acids (VLCFAs) under necroptosis 

Project accession: PXD022527 
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Table S1. Results of quantitative proteomics data. Proteins detected in enriched samples 
from control and necroptotic cells both in IT and OT detection are reported. Related to 
Figure 2. 
This table is provided as a separate spread sheet.  
Columns E-J show OT and IT abundances (area under the curve) in control samples (Control 1-
3, n=3) in log2 scale. 
Column K-F show OT and IT abundances (area under the curve) in necroptotic samples (Nec1-
3, n=3) in log2 scale 
Columns Q-V show OT and IT abundances (area under the curve) in control samples (Control 
1-3, n=3) in non-transformed scale. 
Columns W-AB show OT and IT abundances (area under the curve) in necroptotic samples 
(Nec1-3, n=3) in non-transformed scale 
Columns AC and AD report that average abundances in control and necroptotic samples in non-
transformed scale. 
Column AE represents the ratio of protein abundance between necroptotic and control cells. 
Column AF reports p values calculated by student’s t-test. 
 
 
  



Table S2. Pathways that are enriched in the proteomics data. Related to Figure 5A. 
 

 
  



Figure S1. Related to Figure 1. (A) Relative fluorescence intensity of pMLKL immunostaining 

in control and necroptotic cells. A minimum of 30 cells per condition were measured, n=3, *** 

represents P value < 0.001 by two-tailed unpaired t test. (B)The scatterplots of log2 Mean IT and 

OT intensities shown in x and y axes, respectively. Each dot represents an individual protein 

detected in control (blue) and necroptotic cells (red). 

 
 
 

  



 

Figure S2. Violin plot of log2 mean intensities of proteins (y axis) detected in individual 
experimental categories ( x axis). Related to Figure 2A-B. The width of each violin plot 

corresponds to the number of observations at a given log2 mean intensity. Note that the 

intensities show a bimodal distribution where proteins are either show intensities range 20-30 or 

close to zero. Also note that the proportion of proteins that show intensities close to zero in the 

control group is less as compared to necroptosis group.  

 

  



Figure S3. Related to Figure 3. (A) Levels of MLKL and pMLKL in NSA treated necroptotic 
cells. Necroptosis is induced with BV6/zVAD-FMK/TNF-α treatment. Western blot analysis of 

the whole lysates of NSA treated control and necroptotic cells show that NSA treatment does 

not affect cellular levels of MLKL and pMLKL during necroptosis. The proteins on the beads 

were blotted for MLKL and pMLKL with α-tubulin as the loading control. (B) Acylation of MLKL 
and pMLKL. Western blot analysis of proteins from C16:0 alkFA treated control and necroptosis 

cells. After cell lysis and Biotin-azide attachment via CuAAC, acylated proteins are enriched on 

neutravidin resin. The samples are blotted for MLKL and pMLKL and Calnexin. Calnexin is used 

as a loading control. 

 
  



Materials and Methods.  
HT-29 (human colorectal adenocarcinoma epithelial) cells were obtained from the American Type 

Culture Collection. Dulbecco’s Modification of Eagle’s Medium (DMEM), penicillin-streptomycin 

and trypsin were acquired from Corning. Fetal Bovine Serum (FBS) and dimethyl sulfoxide 

(DMSO) (Cat #42780) were obtained from Sigma-Aldrich and Alfa Aesar, respectively. Antibodies 

were obtained from Abcam (rabbit monoclonal anti-phospho S358-MLKL, Cat. #ab187091; rabbit 

polyclonal anti-calnexin, Cat. #ab22595), Cell Signaling Technology (rabbit monoclonal anti-

MLKL, Cat. #14993; rabbit monoclonal anti-calnexin, Cat. #2679S), Promega (goat anti-rabbit 

HRP conjugate, Cat. # W4011), and Jackson Immunoresearch Lab (goat anti-mouse HRP 

conjugate, Cat. #115-035-174). 

BV6 was obtained from Selleck Chemicals (Cat #S7597), zVAD-FMK was obtained from Enzo 

(Cat #ALX-260-020), TNF-α was obtained from R&D Systems (Cat #210-TA/CF). Dynasore (Cat. 

# 14062) and TBTA were obtained from Cayman Chemical. Protease inhibitor (Cat #A32955) and 

high capacity neutravidin-agarose resin (Cat. # 29202) were obtained from Thermo Fisher 

Scientific. TCEP hydrochloride (Cat #K831) was obtained from VWR AMRESCO and fatty acid-

free BSA (Cat #A7030) was obtained from Millipore Sigma. MTT reagent (Cat #L11939) was 

obtained from Alfa Aesar. For synthesis of C20 alkFA, 1- bromoheptadecane was obtained from 

TCI America; all other reagents were obtained from Millipore Sigma. The synthesis of C20:0 alkFA 

was carried out as described previously.1 

Cell culture. HT-29 cells were cultured at 37 °C 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. 
 

Necroptosis treatment. To induce necroptosis cell death, HT-29 cells were initially sensitized 

to TNF-dependent cell death pathway by SMAC mimetic BV6 (1 μM), and were co-treated with 

pan-caspase inhibitor zVAD-FMK (25 μM) and incubated for 30 min at 37 oC. Cells were then 

treated with TNF-α (10ng/mL) and was incubated for 3 h.  
Apoptosis treatment. Cells were sensitized to TNF-dependent apoptosis cell death by using 

SMAC mimetic BV6. HT-29 cells were treated with BV6 (1 μM) 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 



temperature. The media was removed from each well and replaced with 200 μL of fresh media 

that contains 0.5 mg/mL of MTT reagent. The plate was incubated at 37 oC for 2.5 h and then 

centrifuged for 2 min at room temperature. 155 μL of media was removed from each well and 

added 90 μL of DMSO was added back. The plate was then incubated at 37 oC 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 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 ≥ 4). All corrected absorbance values were normalized to the average absorbance 

values of vehicle control cells and was expressed as percentage cell viability (n ≥ 4). Results 

are representative of at least two independent experiments 
C20 alkFA delivery and protein enrichment. C20 alkFA was prepared as described 

previously.1 HT-29 cells (1x107) were plated in 10 cm dishes for ~16h. 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). Cells were starved for 2 h and treated to 

induce necroptosis (final concentrations of 1 µM BV6, 25 µM zVAD, 10 ng/mL TNF) then 

(alk)FA was added for 3 h before collection. Treatments were staggered to facilitate cell 

collection: 

The complete media was removed and replaced with 7 mL DMEM with no additives. 20 

mM arachidic acid (C20 FA) and ω-alkynyl C20 fatty acid (C20 alkFA) were prepared in ethanol. 

C20 alkFA was diluted to 0.4 mM 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). C20 FA (2.5 mg) was 

dissolved in 400 µL ethanol, and 160 µL was transferred to 8 mL 10% FA-free BSA. C20 alkFA 

(3.4 mg) was dissolved in 550 µL ethanol and transferred to 27.5 mL FA-free BSA. After 90 min 

starvation, DMSO was added to control flasks or BV6 and zVAD. After 30 min, TNF-alpha was 

added to necroptosis followed by 1 mL of alkFA solution. 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, 

combining 2 plates per sample for control cells, and 4 plates per sample for necroptotic cells. 

Plates were rinsed with 4 mL PBS after scraping, which was also transferred to the centrifuge 

tube. Cells were centrifuged for 5 min at 500 rcf at 4 °C. The supernatant was decanted and the 

cell pellets were resuspended with 3 mL PBS. An additional 7 mL PBS was added and the cells 

were centrifuged again for 5 min at 500 rcf at 4 °C. The supernatant was decanted and 1050 µL 



PBS was added and the cells were resuspended, from which 50 µL was transferred to an 

Eppendorf tube for protein measurements using Bradford assay, and the remainder was stored 

at -80 °C. 

Samples were thawed on ice, resuspended in PBS with protease inhibitor with volumes 

normalized based on protein concentration, then sonicated on a cold block, mixed and 

transferred into 1 mL ultracentrifuge tube containing 5 mL of PBS with protease inhibitor. 

Samples were centrifuged for 1 h at 25,000 rpm at 4 °C. The supernatant was decanted and 

250 µL 4% SDS in PBS 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 250 

µL PBS was added. Once chilled, 500 µL ice-cold methanol and 200 µL ice-cold chloroform 

were added. The tubes were vortexed then centrifuged for 10 min at maximum speed (16,900 

rcf) at 4 °C. The liquid layers were carefully decanted and 500 µL methanol was added to the 

pellet, which was then sonicated and centrifuged for 5 min at maximum speed at 4 °C. The 

supernatant was decanted and the pellets were resuspended in 488 µL 4% SDS in PBS with 

sonication.  

A mastermix was prepared for the CuAAC reaction using 204 µL of 25 mM CuSO4, 510 

µL of 2.5 mM TBTA, 136 µL of 9.4 mM biotin-PEG3-azide, and 102 µL 50 mM neutralized TCEP. 

TCEP was added last to the mastermix, which was then immediately vortexed and 112 µL were 

added to each sample. The samples were vortexed and incubated at 37 °C for 1 h. 

After the CuAAC reaction, the tubes were placed on ice and allowed to chill before 600 

µL ice-cold methanol and 240 µL ice-cold chloroform were added. Samples were vortexed then 

centrifuged for 10 min at maximum speed at 4 °C. The liquid layers were carefully decanted and 

500 µL methanol was added to the pellet, which was then sonicated and centrifuged for 5 min at 

maximum speed at 4 °C. The supernatant was decanted and another 500 µL methanol was 

added to the pellet, which was then sonicated and centrifuged for 5 min at maximum speed at 4 

°C. The pellets were then dissolved by sonication in 325 µL 2% SDS in PBS. Aliquots were 

taken for protein measurement using BCA assay.  

The samples were normalized according to protein concentration and 300 µL taken into 

a new Eppendorf tube for enrichment. High capacity neutravidin-agarose resin was 

resuspended and for each sample 40 µL slurry was transferred into a 15 mL centrifuge tube 

containing 10 mL 0.2% SDS in PBS. This was centrifuged for 2 min at 2000 rcf at room 

temperature, then the supernatant was carefully removed with suction. Another 10 mL 0.2% 

SDS in PBS was added to the resin and the tubes were capped and inverted several times to 

mix, then centrifuged again for 2 min at 2000 rcf at room temperature. The supernatant was 



removed and a third wash with 0.2% SDS in PBS was similarly performed. The resin was 

resuspended in 150 µL 1% Brij-97 in PBS then transferred to the sample. The samples were 

rotated end-over-end for 90 min at room temperature, then centrifuged for 2 min at 2000 rcf at 

room temperature. The resin was transferred to a 15 mL centrifuge tube containing 9 mL 0.2% 

SDS in PBS using two 500 µL portions of 0.2% SDS in PBS. The samples were centrifuged for 

2 min at 2000 rcf at room temperature, then the supernatant was carefully removed with suction. 

Samples were washed with 10 mL 0.2% SDS in PBS twice more. An additional three washes 

with PBS only were performed, then the supernatant was carefully removed and the resin was 

stored at -80 °C for proteomics analysis. 

 

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

our previous sample preparation protocol2 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 56 oC for 30 min and 25 mM iodoacetamide (IAM) at 37 oC 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 

-20 oC for 3 hr. After centrifugation at 20,000 g, 4 oC for 30 min, liquid was removed and the 

beads was rinsed by 500 uL methanol and left to air-dry. A volume of 55 uL 50 mM pH 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 37 oC 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, 4 oC 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 material) for high-capacity sample loading, cleanup and delivery. For each sample, 4 

uL derived peptides was injected twice consecutively 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 117 min, 32–50% B for 10 min, 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 ions were isolated by quadrupole 

using a m/z window of 1.2 Th, and were 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 a maximal injection time of 50 ms, and the other was by Ion trap (IT) under Rapid 

scan rate with a maximal injection time of 50 ms. Detailed LC-MS settings and relevant information 

are enclosed in a previous publication by Shen et al.3 

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 concatenated 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) Fixed 

modifications: carbamidomethylation of cysteine; 5) Dynamic modifications: 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.4 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 DICE method, which extracts ion chromatograms for all precursor 

ions with corresponding MS2 scans in the aligned dataset with a defined m/z-RT window (10 

ppm, 1 min). 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). 

 



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.5 After mounting on slides, microscopy 

was performed on a Dragonfly spinning disk confocal (Andor) and analyzed with FIJI6 to 

determine the average pMLKL fluorescence intensity. 
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