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ABSTRACT: Necroptosis is a form of regulated cell death
which results in loss of plasma membrane integrity, release of
intracellular contents, and an associated inflammatory
response. We previously found that saturated very long chain
fatty acids (VLCFAs), which contain >20 carbons, accumulate
during necroptosis. Here, we show that genetic knockdown of
Fatty Acid (FA) Elongase 7 (ELOVL7) reduces accumulation
of specific very long chain FAs during necroptosis, resulting in
reduced necroptotic cell death and membrane permeabiliza-
tion. Conversely, increasing the expression of ELOVL7
increases very long chain fatty acids and membrane
permeabilization. In vitro, introduction of the VLCFA C24

o]
ELOVL? — |~~~

<+ necroptosis

membrane
permeabilization

FA disrupts bilayer integrity in liposomes to a greater extent than a conventional C16 FA. To investigate the microscopic origin
of these observations, atomistic Molecular Dynamics (MD) simulations were performed. MD simulations suggest that fatty
acids cause clear differences in bilayers based on length and that it is the interdigitation of C24 FA between the individual
leaflets that results in disorder in the region and, consequently, membrane disruption. We synthesized clickable VLCFA analogs
and observed that many proteins were acylated by VLCFAs during necroptosis. Taken together, these results confirm the active
role of VLCFAs during necroptosis and point to multiple potential mechanisms of membrane disruption including direct
permeabilization via bilayer disruption and permeabilization by targeting of proteins to cellular membranes by fatty acylation.

ipids have many significant roles in maintaining cellular
homeostasis." In addition to forming the essential
permeability barriers of cells, lipids actively participate in
numerous cellular processes,” and lipid dysfunction is closely
linked to human pathologies.”” Cells maintain complex
networks of pathways consisting of hundreds of different
enzymes that are involved in the biosynthesis of thousands of
unique lipid species.” We have only recently begun to
understand and appreciate how structural specificity within a
given lipid family (ie, alkyl chain length and degree of
unsaturation) impacts lipid function.™®
Fatty acids are among the simplest lipids. The mammalian
fatty acid repertoire consists of linear alkyl chains with various
degrees of unsaturation. Palmitic acid, which contains a
saturated C16 alkyl chain, is the major product of de novo
fatty acid biosynthesis, which can be elongated and desaturated
by the concerted action of elongases and desaturases.”
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Fatty acids are building blocks for complex lipid structures
and can act as signaling lipids through their covalent
modification of proteins. This process, protein fatty acylation,
controls subcellular localization of cytoplasmic proteins to the
cellular membranes (reviewed in refs 10, 11). Recent studies
have uncovered novel exciting findings on the role of distinct
fatty acids in different cellular processes. For instance, the
degree of unsaturation of fatty acids can modulate how cells
respond to cellular stress, especially when linked to lipid
oxidation.'”"? Similarly to degrees of unsaturation, the alkyl
chain length has been shown to be important for toxicity in
neurons'* and affect the biophysical properties of organelle
membranes.'

Received: July 31, 2019
Accepted: September 6, 2019
Published: September 6, 2019

DOI: 10.1021/acschembio.9b00616
ACS Chem. Biol. 2019, 14, 2286—2294


pubs.acs.org/acschemicalbiology
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acschembio.9b00616
http://dx.doi.org/10.1021/acschembio.9b00616

ACS Chemical Biology

1 -
A B 1%0 M Control C  +control
260 I Necroptosis a Necroptosis
- g @ 11057
100 £
10 >
C24:1 £ 3.04old 2 4
3 increase 3 8:10 %
1.5 © 5 A
2 S 6:10¢]
© 50 o 2
o S ]
E 4104 ? %
2 21041 ¥t
©
0 - @ 04 p
° 9 W o&° ¥
C T s e 5
30 sk
*%
05
x
S .
E *
20 i .
10
£a
ol rowst | 9

Figure 1. ELOVLY7 regulation of VLCFA levels and membrane integrity. (A) ELOVL7 knockdown decreases VLCFA levels in necroptotic cells.
Heatmap depicts the relative abundance of VLCFAs during necroptosis in HT-29 cells transduced with shRFP or shELOVL?7. Relative abundance
is calculated by dividing the abundance of a lipid by the average abundance of that lipid in the compared samples. (B) ELOVL7 knockdown
reduces necroptotic cell death. Relative viability of wild type, shRFP, and shELOVL7 transduced cells treated with BV6/zVAD-FMK/TNEF-alpha to
induce necroptosis compared to vehicle-treated control cells. Error bars represent 1 SD; n = S. ***p < 0.001. (C) ELOVL7 knockdown prevents
necroptotic membrane permeabilization. shRFP and shELOVL7 cells were treated with vehicle or BV6/zVAD-FMK/TNEF-alpha to induce
necroptosis. PI uptake was measured by relative fluorescence. The horizontal black lines indicate the mean of n = S replicates per condition; gray
error bars represent +1 SD. (D) ELOVL7 overexpression increases VLCFA levels. Heatmap depicts the relative abundance of fatty acids in HEK-
293T cells which were transiently transfected to overexpress ELOVL7-GFP and mock-transfected controls. (E) ELOVL7 overexpression
compromises membrane integrity. PI" HEK-293T cell populations were determined in untransfected control cells, cells transfected for 48 h to
overexpress GFP-ELOVL7, and cells transfected for 48 h to overexpress the Emerald-Golgi protein as an additional control. PI* populations were
determined as a percent of the total cell population for untransfected control cells and as a percent of the GFP* or Emerald* cell populations for
transfected cells. Error bars represent 1 SD; n = 4. *p < 0.05, **p < 0.01.

We recently conducted the first untargeted lipidomic In this work, we study the involvement of VLCFAs during
analysis of necroptotic cells and identified lipid participants necroptosis. We show that depleting the levels of VLCFAs that
of this process.'® Necroptosis is a form of regulated cell death specifically accumulate during necroptosis by suppressing Fatty
that exhibits phenotypic hallmarks of necrotic cell death Acid Elongase 7 (ELOVL7) activity prevents membrane
including cell and organelle swelling and the permeabilization permeabilization and results in a significant increase in cell
of cellular membranes upon activation of the death pathway."” viability during necroptosis. Overexpression of ELOVL? causes

accumulation of VLCFAs and permeabilizes the plasma
membrane. Combined, these results suggest that VLCFAs
might affect membrane integrity. Based on this, we next
studied the interaction of C16 FA and C24 FA with lipid
bilayers in liposomes and using Molecular Dynamics (MD)
simulations. We found that C24 FA can disturb membrane
integrity more readily than C16 FA. MD simulations show that
C24 FA can interdigitate between leaflets of the lipid bilayer,
whereas C16 FA does not. Finally, we show that a

The permeabilization of the plasma membrane, in particular,
results in the release of cytokines and other molecules to the
extracellular matrix, which can result in an inflammatory
response at the organismal level.'®'” In an effort to identify
lipids involved in membrane permeabilization during necrop-
tosis, we analyzed the changes in lipid composition in multiple
cell lines during this process. We focused on necroptosis-
specific changes in the cellular lipidome and identified

accumulations of saturated very long chain fatty acids representative VLCFA, C20 FA, can covalently modify a
(VLCFAs) as the most profound and significant changes that number of proteins during necroptosis. Overall, our results
occur during necroptosis. We found that inactivation of fatty support a model where increases in the levels of saturated
acid synthase (the enzyme that is responsible for the synthesis VLCFAs result in cellular membrane permeabilization during
of C16 FA) resulted in increased cell viability and prevented necroptosis. Our model also supports that, at the membrane
the loss of plasma membrane integrity during this process. level, VLCFAs can cause membrane disruption either by
These results strongly suggested that VLCFAs are involved in directly disrupting membrane packing or facilitating perme-
necroptosis. abilization by targeting proteins to the plasma membrane.
2287 DOI: 10.1021/acschembio.9b00616
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B RESULTS

Knockdown of ELOVL7 Ameliorates Necroptotic Cell
Death. Our previous work has shown that VLCFAs increase
significantly during necroptosis, and that treatment with
cerulenin, a small molecule fatty acid analog that prevents
VLCFA accumulation, significantly ameliorates necroptotic cell
death and membrane permeabilization. We also showed that
inactivation of fatty acid synthase (FASN) prevents VLCFA
accumulation and significantly diminishes cell death during
necroptosis.16

In order to further establish that these protective effects
result from blocking the accumulation of VLCFA, we wanted
to interrogate the role of fatty acid elongation during
necroptosis. Fatty acid elongation is carried out by the action
of multiple enzymes. Elongation of very long chain fatty acids
proteins (ELOVLs) catalyze the rate-limiting step of long/very
long chain fatty acid elongation. There are seven isoforms with
different substrate specificities based on alkyl chain structure.”
ELOVLI and ELOVL7 have both been associated with the
production of saturated VLCFA,”"** and our previous work
demonstrated that ELOVL1 and -7 show 2.7- and 6-fold
upregulation during necroptosis.'® We decided to focus on
ELOVL7 based on its profound and significant activation
during necroptosis. We inactivated ELOVL7 in HT-29 cells
using shRNA (referred to as sShELOVL7) and investigated the
sensitivity of ShELOVL7 cells toward necroptotic stimuli as
compared to shRFP as a negative control. We found that
SshELOVL7 cells had significantly reduced levels of VLCFAs
(3—5-fold, Figure 1A, Table S1), and activation of the
necroptotic pathway in these cells resulted in significantly
less cell death as compared to shREP cells (Figure 1B, cell
viability increased from 21% to 60% with sSsELOVL?7), whereas
ELOVL7 knockdown had no effect on cell viability during
apoptosis (Figure S1). Moreover, these cells were protected
from membrane permeabilization, as indicated by propidium
iodide uptake (Figure 1C). These results strongly support the
critical role of fatty acid elongation in necroptotic cell death
and membrane permeabilization.

ELOVL7 Overexpression Causes Accumulation of
VLCFA and Loss of Membrane Integrity. We hypothesized
that VLCFA may disrupt cellular membranes due to a
mismatch in chain length, since membrane lipids predom-
inantly contain alkyl chains with 16 or 18 carbons.””** In order
to study the effects of VLCFA accumulation on membrane
permeabilization, we transiently overexpressed C-terminus
GFP tagged ELOVL7 (GFP-ELOVL7) in HEK-293T cells.
This overexpression did not activate apoptotic or necroptotic
pathways (Figure S2A) and allowed us to achieve high cellular
concentrations of VLCFA. At 48 h post-transfection,
approximately 30—40% of the cells overexpressed ELOVL?7
based on GFP signal. In the total cell population, VLCFA
accumulated between 2- and 30-fold; in particular, saturated
VLCFA C22:0 and C24:0 showed pronounced accumulations
(Figure 1D and Table S2).

We next assessed the plasma membrane permeability of cells
overexpressing GFP-ELOVL7 by measuring the uptake of
propidium iodide (PI) using flow cytometry. We used a
plasmid that encodes a fluorescent fusion galactosyltransferase
enzyme (commonly used as a Golgi marker) as a negative
control, which we refer to as Emerald-Golgi, to test the effect
of protein overexpression alone on membrane permeabiliza-
tion. We specifically investigated the PI uptake of GFP- or
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Emerald-positive cells. We found that significantly more
ELOVL7-overexpressing cells were PI-positive (PI") compared
to cells that were untransfected or transfected with the control
plasmid (Figure 1E). We note that expression of the control
plasmid was considerably higher than for ELOVL7, likely
contributing to the modest increase in PI" cells compared to
untransfected controls (data not shown).

Although HEK-293T cells are unlikely to be susceptible to
membrane permeabilization through the canonical RIP1-RIP3-
MLKL axis due to low expression of RIP3,” we further
excluded the involvement of this pathway by overexpressing
ELOVL7 in cells treated with RIP1 inhibitor Necrostatin-1s or
in cells where MLKL was silenced by shRNA. Neither
prevented the increase in PI" positive cells resulting from
ELOVL7 overexpression (Figure S2B,C). Overall, these results
show that ELOVL7 overexpression results in the accumulation
of VLCFAs and causes plasma membrane permeabilization,
independently of the RIP1-RIP3-MLKL axis. These findings
are in accordance with our previous work, which showed that
VLCFA accumulation occurs downstream of RIP1 activity
during necroptosis,'® indicating that these molecules do not
initiate necroptotic signaling but cause membrane permeabi-
lization through a divergent mechanism.

VLCFA Directly Permeabilize Liposomes. Our results
establish the activity of ELOVL7 as an important mediator of
membrane integrity. We next sought to address if VLCFA
directly permeabilizes membranes. Since we observed that the
overexpression of ELOVL7 also increased the levels of
phospholipids such as phosphatidylcholines (Figure S2D),
we aimed to avoid the processing of VLCFAs by the cellular
machinery and their attachment to other biomolecules by
using a cell-free system. We employed liposomes as a model
system to study the integrity of a lipid bilayer in the presence
of increasing concentrations of VLCFA. We prepared calcein-
loaded liposomes using DSPC (PC18:0/18:0) and cholesterol
(~2:1 molar ratio), two lipids that are abundant in the plasma
membrane, and investigated liposome permeability based on
calcein release. Using this system, we tested the ability of the
VLCFA lignoceric acid (C24:0 FA) vs palmitic acid (C16:0
FA) to permeabilize the liposomes. C16:0 FA did not induce
significant membrane permeabilization at concentrations up to
25 uM, whereas C24:0 FA induced significant permeabilization
at S yM. At higher concentrations, both fatty acids caused a
concentration-dependent increase in calcein release, but
treatment with C24:0 FA resulted in significantly higher
calcein release than C16:0 FA (Figure 2). These findings
indicate that saturated VLCFA may permeabilize membranes
and have a higher propensity to do so than their long chain
fatty acid counterparts.

MD Simulations Provide Insights into Effects of
VLCFA on Membrane Bilayers. In order to understand
the molecular basis by which VLCFA might cause membrane
permeabilization, we employed all-atom MD simulations.
Bilayer systems were constructed to reflect the composition
of the liposomes. Simulations were conducted for 1.5 us for a
“pure” bilayer with no free FA (at 160:80 DSPC/cholesterol)
and for bilayers with C16:0 (C16) or C24:0 (C24) FA added
(at 160:80:20 DSPC/cholesterol/FA). Density maps of the
systems are provided in Figures S3—S5. A close inspection of
the figures reveals a larger tendency of C24 FA to aggregate
into small clusters, whereas C16 FA disperses over the course
of the simulation.
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Figure 2. Interaction of C24 FA and C16 FA with bilayers. VLCFA
permeabilizes liposomes. Liposome permeabilization was evaluated
based on increased fluorescence due to calcein release. Calcein release
is expressed as a percent relative to maximum permeabilization caused
by detergent, as described in the Materials and Methods. Error bars
represent 1 SD; n = 3. **p < 0.01; ***p < 0.001.

Hydrogen bond analysis (Table S3 and Figure S6) shows
that the addition of either FA has no effect on the cholesterol—
water hydrogen bonds. However, the number of cholesterol—
DSPC hydrogen bonds decreases slightly upon the addition of

either FA. C16 FA forms on average two more hydrogen bonds
with cholesterol than C24 FA (6 vs 4), while C24 FA makes a
slightly larger number of hydrogen bonds with water (S5 vs
52). The small changes in hydrogen bonding and the different
and mismatching hydrophobic lengths of the FAs with respect
to DSPC results in the cholesterol molecules moving closer to
the surface of the bilayer in the case of C24 FA and deeper
inside the bilayer when C16 FA is present (Table S4).
Although the differences in hydrogen bonding are not large,
they are systematic. As has been seen, for example, in the
context of liposomes,”® lipid membranes,”” ™ and water and
small molecules,’”" systematic differences often lead to
profound effects. Here, changes in the position of cholesterol
and the different hydrophobic lengths of the FAs lead to
changes at the water—bilayer interface. In particular, the
addition of C24 FA reduces the number of DSPC—water
hydrogen bonds. This is also reflected in the solvent accessible
surface area (SASA) for cholesterol, which is slightly larger
(393.2 nm?) for the bilayer—C24 FA in comparison with the
bilayer—C16 FA system (390.6 nm?). Similarly, DSPC is more
solvent accessible in the presence of C24 (604.1 nm*) than
C16 (579.9 nm?*). Given that the number of DSPC—water
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Figure 3. FA alteration of the profile of the lipid bilayer. (A—C) Snapshots at the end of the simulations: (A) pure bilayer, (B) bilayer-C16 FA, and
(C) bilayer-C24 FA system. DSPC is shown in green, cholesterol in blue, and FA in red. (D—F) Density profile of (D) pure bilayer, (E) bilayer-
C16 FA, and (F) bilayer-C24 FA systems along the z-axis (bilayer normal). DSPC is shown in green, cholesterol in blue, FA in red, and total in

cyan.
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hydrogen bonds decreases upon addition of C24, the increase
in SASA appears counterintuitive. This reduction is, however,
due to the fact the C24 FA resides closer to the membrane
surface and flanks DSPCs’ carbonyl and, albeit to a lesser
extent, phosphate groups from water (Figure 3).

One of the most striking features of the bilayer—C24 FA
system was the interdigitation of the C24 FA chain into the
opposite leaflet of the bilayer (Figure 3A,D pure bilayer; B,E
bilayer—C16 FA; CF bilayer—C24 FA). We were interested to
determine how this interdigitation might influence the fluidity
of the bilayer. We therefore measured the deuterium order
parameters (Scp) for the FA and DSPC hydrocarbon chains.
Figure 4A shows Scp for the two FAs. Ordering near the head
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Figure 4. Deuterium order parameters (Scp) from MD simulations.

(A=D) Scp for (A) C16 FA (red), C24 FA (green), and DSPC chains
(sn1, green; sn2, red) in (B) pure bilayer, (C) bilayer—C16 FA, and
(D) bilayer—C24 FA. The order parameter is defined as Scp, = ((3 cos
0, — 1)/2), where 0, is the angle between the nth segmental vector
along the hydrocarbon chain and the bilayer normal; the brackets
stand for averaging.

is very similar; however, the chain ends behave differently with
C24 FA being significantly disordered. Figure 4B shows the
DPSC order parameters for the two alkyl chains in the absence
of added FA. While neither FA has a significant effect on the
snl chain, the presence of FA does affect the order parameter
of the sn2 chain. Figure 4C shows that in the presence of C16
FA, the sn2 chain becomes more ordered. The presence of
C24 FA (Figure 4D) has an opposite effect. C24 FA makes the
chain disordered, with the effect becoming stronger toward the
end of the chain. Importantly, a loss of chain order is required
for increased fluidity,”” ™" and thus the higher permeability of
the C24 FA system may be a result of the lower chain order.

At the center of the bilayer, the density of bilayer
components changes for different systems. Specifically, total
density of the bilayer at the center is ~531, 595, and 591 kg/
m? for pure bilayer (Figure 3D), bilayer—C16 FA (Figure 3E),
and bilayer—C24 FA (Figure 3F) systems, respectively. As is
seen in Figure 3F, the density of DSPC and cholesterol at the
center is the smallest for the bilayer—C24 FA system. Of
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particular interest is the density of FA at the center, which
shows a minimum for C16 FA (~15 kg/m*) and a maximum
for C24 FA (~145 kg/m?).

The increase in the density at the bilayer center observed for
bilayer—C16 FA is partly due to the presence of palmitic acid
tails and partly due to the deeper position of cholesterols in the
bilayer. Although the expectation might be to see a larger
increase for C24 FA, this is not the case, likely due to the
elongation of the bilayer along the z axis, which in turn
decreases the density of DSPC and cholesterol at the center
(Figure 3EF).

The different effects of C16 and C24 FAs on the DSPC
order parameter, packing pattern of the bilayer, relative
position of cholesterol along the z axis (normal of the bilayer),
the bilayer density profile, hydrogen bonding interactions, and
solvent accessibility of the bilayer components collectively
determine the relative permeability of the bilayer in the
presence of each FA. In particular, the pronounced disorder
caused by the presence of C24 FA, especially in the bilayer
core, seems a likely culprit for the higher propensity of C24 FA
to induce membrane permeabilization.

In Vitro Protein Acylation by VLCFAs. Overall, these
results suggest that interaction of VLCFAs with membranes
may disrupt membrane integrity at high concentrations. The
accumulation of VLCFAs during necroptosis is modest with
respect to the concentrations that are needed to permeabilize
liposomes (Figure 2). As such, it is possible that VLCFAs are
targeted to defined domains, which results in high local
concentrations on the plasma membrane.

One way in which fatty acids can participate in membrane-
associated signaling events is via protein acylation. Covalent
modification of a protein with a fatty acid can target cytosolic
proteins to membranes or may alter the function, localization,
and interactions of proteins which are membrane-associated
(reviewed in refs 10, 11). Protein acylation is essential for
many s'§naling processes, including cell division and cell
death.”>”® Translocation of phosphorylated mixed lineage
kinase domain-like protein (pMLKL) oligomers from the
cytosol to the membrane is crucial to necroptosis,”” which is
driven by electrostatic interactions between positively charged
regions of pMLKL and negatively charged phosphatidylinositol
phosphate-rich membrane domains.** The membrane associ-
ation of other factors may also be involved. We therefore
hypothesized that protein acylation, in particular by VLCFA,
may contribute to such interactions dependent on membrane
targeting and therefore may be involved in membrane
permeabilization during necroptosis.

The most studied modifications by saturated fatty acids are
S-palmitoylation and N-myristoylation. These processes have
been traditionally investigated by acyl exchange methods and
radioactive probes, but the field has expanded greatly with the
development of w-alkynyl fatty acids. These w-alkynyl fatty
acids can be taken up by cells in vitro and conjugated to various
reporters via copper(I)-catalyzed azide—alkyne cycloaddition
(CuAAC).” Various medium (ex. C10) and long chain (ex.
Cl4, C16, C18) w-alkynyl fatty acid probes have been
demonstrated to acylate proteins using this method.*>*!
Thinon et al. have also designed various A’ cis unsaturated
w-alkynyl fatty acids, including one containing 20 carbons, and
have shown that these probes were incorporated to various
proteins in cells with saturated probes such as C16 and C18
generally preferred as substrates for S-acylation.”” Using similar
azide-based probes, a study investigated the acyl chain
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Scheme 1. Synthesis of @w-Alkynyl C20:0 and C22:0 Fatty Acids
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Figure S. VLCFA acylate proteins. (A) C20 alkFA is uptaken and distributed throughout cells. HeLa cells were treated for 3 h with vehicle or C20
alkFA. Cells were fixed, and alkFA was labeled with Alexa488-azide via CuAAC. (B) C20 alkFA is used as a substrate for protein acylation. Control
and necroptotic cells treated with C20 alkFA were membrane fractionated then subjected to CuAAC with Alexa488-azide. The in-gel fluorescence
corresponding to labeled proteins is shown in the right panel. Red arrows highlight bands of interest, which show higher levels of protein acylated
by C20 alkFA during necroptosis. Coomassie total protein stain is shown in the left panel.

specificity of zinc finger DHHC domain containing enzymes
and interactions that govern acyl chain preference.””

On the basis of these studies, we aimed to investigate
protein fatty acylation by saturated VLCFAs during necrop-
tosis. We initially tested the delivery of various VLCFAs and
observed that C24:0 FA showed poor uptake. Instead, we
focused on C20:0 FA, which also accumulates with ELOVL7
overexpression (Figure 1C). Adopting previous protocols
developed for fatty acid analogs,"”*~** we synthesized w-alkynyl
C20:0 FA (hereafter referred to as C20 alkFA, Scheme 1).
Using these probe, we studied protein acylation by VLCFAs in
general and during necroptosis.
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We first evaluated the uptake and distribution of the probe
by fluorescence microscopy. We chose a 3 h treatment based
on previous time course studies with similar FA probes.** Cells
plated on glass coverslips were treated with C20 alkFA
complexed with BSA. Cells were washed and fixed then
subjected to CuAAC with Alexa488-azide. After additional
washing steps, cells were mounted on slides and imaged by
fluorescence microscopy. As shown in Figure SA, fatty acid was
uptaken within 3 h of treatment and appeared to be widely
distributed throughout the cell.

We then evaluated the utilization of the probe as a substrate
for protein acylation. This is commonly accomplished by
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taking lysates of cells treated with alkFA and reacting via
CuAAC with an azido-fluorophore. The labeled proteins are
separated by SDS-PAGE, and in-gel fluorescence can be
visualized. On the basis of previous protocols,”*® we reasoned
that membrane fractionation and solubilization might make the
probe more accessible, so we tested the effect of performing
the CuAAC in the membrane fraction only vs in the total cell
lysate. Indeed, we found that performing membrane
fractionation enhanced labeling (Figure S7A). Next, we
compared the performance of the C20 alkFA probe to the
well-established C16 alkFA probe. Qualitatively, these probes
appear to have similar labeling patterns (Figure S7B), as does a
longer C22 alkFA (Scheme 1, Figure S7C) that mimics C22
FA, a VLCFA that shows significant accumulation during
necroptosis.'® Hydroxylamine treatment significantly reduces
labeling, suggesting S-linkages constitute the majority of the
acylation we observe (Figure S7B). Furthermore, we observed
that during necroptosis the C20 alkFA probe exhibits a similar
overall labeling pattern (Figure SB).

We envision that proteins which are increasingly acylated (in
particular by VLCFAs) during necroptosis may be targeted to
membrane domains, which may mediate their function and
ultimately contribute to membrane permeabilization. We have
highlighted several bands of interest (red arrows in Figure SB)
which indicate increased levels of specific acylated proteins.
These differences are not merely due to differences in uptake
between control and necroptotic cells (Figure S8). It is
possible that these and other proteins (which may be lower in
abundance or insufficiently resolved by SDS-PAGE) are
involved in membrane permeabilization during necroptosis.
Next, we tested whether MLKL and pMLKL could be targets
for fatty acylation by VLCFAs based on the involvement of
pMLKL in membrane permeabilization during necroptosis. We
analyzed the protein content by Western blotting and did not
observe detectable levels of MLKL and pMLKL in the
neutravidin enriched portion (Figure S9). This is consistent
with phosphatidyl inositol phosphate-dependent recruitment
of pMLKL to the plasma membrane.””**

Finally, we used a perturbation-based approach to provide
links between protein fatty acylation and necroptosis. Due to
the redundancy of different acyltransferases, we used a small
molecule inhibitor that targets DHHC-mediated transfer,
Compound V (Figure S10A). Although the potency and
specificity of Compound V has only been investigated in
limited in vitro systems,*”** we chose to use this inhibitor since
it is more likely to avoid off-target effects on fatty acid-
processing enzymes. We observed that after induction of
necroptosis, cells pretreated with Compound V showed a
modest (>10%) increase in cell viability (Figure S10B, p =
0.0005). We note that Compound V alone induces toxicity
under these conditions, and if we scale the viability of
Compound V treated cells to 100%, the Compound V-
mediated rescue becomes more pronounced (30% increase).
In contrast, Compound V did not increase cell viability during
apoptosis (Figure S10C). Concurrently, if DHHC-mediated
acyl-CoA transfer is involved in the execution of necroptotic
cell death, then inhibiting acyl-CoA synthetase activity should
also prevent cell death. We find that pretreatment with
Triacsin C (inhibitor of long-chain fatty acyl CoA
synthetase)*”*’ resulted in a significant increase in cell viability
during necroptosis, suggesting that activation of fatty acids is
indeed involved in necroptosis (Figure S10D). However, based
on the modest rescue in cell death in the presence of
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Compound V, the involvement of other mechanisms or cellular
fatty acylation pathways during necroptosis seems likely.

B CONCLUSION

It has long been known that the fatty acyl composition of lipids
has a large effect on the biophysical properties of
membranes.””’ A recent study by Shen et al. demonstrated
that palmitic acid influences the phase behavior and function of
the endoplasmic reticulum by causing solid-like domain
separation in the fluidic endoplasmic reticulum membrane."
We are just beginning to understand how different lipids are
trafficked to cellular membranes, how they interact with other
membrane components, and how they are maintained at
particular membrane sites in the cellular context. In addition to
the phenotypes and physiological effects related to oxidation of
unsaturated lipids,"”” studies have shown the involvement of
distinct lipid species in the maintenance of cellular homeostasis
and fundamental cellular processes.'*

In this work, we investigated the role of saturated VLCFAs
during necroptosis. We established that targeted perturbations
to increase the cellular pools of VLCFAs that accumulate
during necroptosis significantly impairs membrane integrity.
We show that C24 FA permeabilizes liposomes more readily
than C16 FA, suggesting that VLCFAs themselves, rather than
other lipids that contain these acyl chains, can mediate
membrane disruption. MD simulations suggest that the
interdigitation of VLCFAs between leaflets of the membrane
bilayer can facilitate the membrane disruption we observe in
liposomes in the presence of VLCFAs. It has been suggested
that saturated phospholipids cluster together with cholesterol
based on in vitro ﬁndings.53 Furthermore, association with
cholesterol-rich components of the cellular membranes can
affect protein and membrane trafficking.”>~>° As such, it is
tempting to propose that VLCFAs might closely associate with
membrane cholesterols and accumulate at cholesterol-rich
regions of cellular membranes.

One intriguing observation was that high concentrations of
FA are needed to permeabilize liposome bilayers (Figure 2),
which greatly exceed the intracellular saturated VLCFA
increases we observed during necroptosis. As such, we
envisioned that incorporation of VLCFAs into proteins can
facilitate their recruitment to lipid domains and thereby
achieve high local concentrations in cellular membranes.
Although not completely understood, acylation by VLCFAs
has recently been demonstrated in two systems.*”*’ On the
basis of this, we synthesized a C20 alkFA and showed its
incorporation to proteins during necroptosis. Our results
demonstrate that saturated VLCFAs can directly modify many
proteins, which presents potential links to membrane
permeabilization and its inflammatory consequences in vivo.
Consistent with a recent study in HEK-293T cells,” the
acylation we observe appears to be S-linked. Taken together,
these results point to multiple potential mechanisms of
membrane disruption by VLCFAs during necroptosis, either
by direct permeabilization via bilayer disruption or targeting of
VLCFA-acylated proteins. Much exciting work remains on
investigating the mechanisms and protein machinery that are
responsible for protein fatty acylation by saturated VLCFAs
and the implication of this type of fatty acylation on membrane
permeabilization during necroptosis.
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