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Necroptosis is a subtype of regulated necrosis in which signaling through receptor
interacting protein kinase 3 (RIPK3) triggers caspase independent, immunogenic cell
death morphologically identical to necrosis. Necroptosis is physiologically relevant in
viral disease, ischemia reperfusion injury, necrotizing pancreatitis, and systemic
inflammatory response syndrome. Although many necroptotic stimuli exist, our research
focuses on TNF mediated necroptosis. Following TNF-TNFR1 binding and concurrent
inhibition of caspase 8, Receptor Interacting Protein Kinase 1 and 3 (RIPK1/3) bind
through their Receptor Homotypic Interacting Motif (RHIM) domains, activate via
phosphorylation, and form an amyloid-like structure termed the necrosome. RIPK3
recruits and phosphorylates Mixed Lineage Kinase-Like (MLKL) protein. This induces
MLKL polymerization, which putatively causes direct cell membrane disruption resulting
in cell death. The steps downstream of the MLKL phosphorylation remain poorly
defined. We designed and carried out a forward small molecule screen, which identified
an inhibitor of necroptosis (Necroptosis Blocking Compound 1, NBC1) downstream of
MLKL phosphorylation. Positive, negative, and biotinylated analogs of this compound
led to identification of the drug target (Hsp70) by LC-MS. Biochemical data suggests
that NBC1 conjugates Hsp70 and blocks necroptosis by inhibiting MLKL polymerization.
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CHAPTER ONE
Introduction

Regulated cell death

Elimination of impaired, harmful, or redundant cells is essential to biologic
homestasis.! Unless the cell is overcome by severe chemical, osmotic, or
mechanical stress, resulting in accidental cell death, then a genetically encoded cell
death pathway ensues. Molecularly signaled cell death falls into two large
categories, physiologic and pathologic. The former, referred to as programmed cell
death, is requisite during development and tissue turnover. Whereas, pathologic
regulated cell death (RCD) occurs when endogenous or exogenous stimuli trigger
specific signal transduction cascades causing cell death. Apoptosis, the first RCD
pathway identified, fits into both groups.?* Extensive investigation of apoptosis
determined that the process was controlled by a tightly regulated set of molecular
signals and dependent on caspase activity. Detailed understanding of apoptosis has
led to discovery of other RCD pathways. 5°

The list of RCD pathways has expanded dramatically over the past two
decades. A recent publication of the Nomenclature Committee on Cell Death has
reclassified RCD pathways based on molecular mechanisms rather than
morphologic characteristics.! In addition to apoptosis, RCD subroutines include
necroptosis (discussed in detail below), parthanatos initiated by massive genomic
stress, pyroptosis caused by pathogen invasion and culminating in plasma

membrane pore formation by the gasdermin protein family, ferroptosis stimulated by

1
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intracellular oxidative perturbations such as severe lipid peroxidation and dependent

on iron availability, and mitochondrial permeability transition (MPT) driven necrosis.”
12 Additionally, multiple phagocytic and lysosome dependent cell death processes
have been described: autophagy-dependent cell death, autosis, entosis, and
lysosome-dependent cell death.>'2 The large number of cell death pathways may
reflect the critical regulatory importance of single cell elimination to promote

organismal health.

Necroptosis is a subtype of regulated necrosis that occurs when caspases
are inhibited or fail to activate. Stimulus of cell death receptors results in a signaling
cascade that triggers caspase independent, kinase dependent, immunogenic cell
death.** Phenotypically, necroptosis is indistinguishable from necrosis, identified by
organelle swelling, loss of plasma membrane integrity, and release of cytoplasmic
contents including pro-inflammatory mediators or damage associated molecular
patterns (DAMPs). These include ATP, the chromatin-associated protein high-
mobility group box 1 HMGB1, and mitochondrial DNA, which induce an innate
inflammatory response. Gong et al. identified an additional means of pro-
inflammatory signaling secondary to necroptosis, wherein ESCRT-III facilitates
shedding of the MLKL-damaged plasma membrane from intact cells. These
secretory “bubbles” not only stimulate a local immune response but also sustain
cellular integrity.*®

Necroptotic cell death has been described in TNF-mediated systemic

inflammatory response syndrome (SIRS), ischemic reperfusion injury,



neurodegeneration, and pathogen infection, particularly viral disease.1619 Yet, it is
increasingly clear that programmed cell death in infectious and non-infectious
disease states is unlikely to be unilateral. Many pathways share common signaling
components and effector mechanisms. Recent evidence suggests that multiple
parallel cell death pathways may be occurring concurrently.?%-23 The overlap
complicates understanding of RCD in disease and can confound pharmacologic
targeting strategies.
TNF-mediated necroptosis

Induction of necroptosis results from physiologic or pathophysiologic stimuli.
Cell extrinsic signals of necroptosis include ligands of the death receptor family
(TNF, FAS or TRAIL), viral double stranded DNA or lipopolysaccharide stimulation of
TLR 3 and 4, respectively, inflammatory mediators like interferon and viral stimulus
of DNA-dependent activator of interferon regulatory factor.??* The best studied is
TNF-mediated necroptosis. The death receptors of the TNF family contain a
cytoplasmic death domain (DD). Ligand binding to the death receptor TNFR1
induces receptor trimerization. This conformational change enhances binding with
the DD adaptor proteins Receptor Interacting Protein Kinase (RIPK1) and TNF
receptor-associated DD (TRADD), forming complex |I. RIPK1 is a hub for multiple
cell stress signaling cascades. RIPK1 consists of an N-terminus kinase domain,
intermediary domain, and a C-terminus RHIM domain and death domain. RIPK1 is
ubiquitylated in its intermediate domain, recruiting the IkB complex. IKKa and IKKM}

phosphorylate RIPK1, preventing its dissociation and leading to cell survival through



inflammatory cytokine signaling. RIPK1 kinase activity is not necessary for the pro-
survival NF-kB pathway, unlike for the cell death pathways.?®

When ubiquitylation of RIPK1 is disrupted through loss of the E3 ligases,?®
cell death signaling proceeds with formation of complex lla or 11b.?” Subsequently,
three cell death outcomes are possible: necroptosis, RIPK1-dependent and
independent apoptosis.?2 Complex lla is formed when TRADD dissociates from
TNFR1, leading to recruitment of FADD, activation of caspase 8, and RIPK1
independent apoptosis. If clAPs, TAK1, or IKKa/3 are absent or inhibited, complex
lIb including RIPK1, FADD, cFLIP, and caspase 8 is formed and results in RIPK1
dependent apoptosis (Fig. 1.1A).2°

Of the cell death pathways, apoptosis predominates when caspase 3 and 8
are active, and necroptosis progresses when caspase activity is absent or
inactivated, but recent evidence suggests that caspase inhibition is not imperative
for necroptosis and both cell death pathways can progress concurrently dependent
on cellular context.?® The fate decision to proceed towards necroptosis is dictated

by TAK1 phosphorylation of Ser231 in the intermediate domain of RIPK1.30
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Figure 1.1. (A) Schematic representation of TNF-TNFR1 cell death signaling.
The core pathway

In the canonical necroptosis pathway, consists of two kinases, RIPK1 and
RIPK3, and one pseudokinase, MLKL. Following death receptor stimulation and
sustained phosphorylation of the intermediate domain of RIPK1, interaction with
RIPK3 occurs, as long as RIPK3 intracellular level is sufficient.1#3! RIPK1 binds
RIPK3, a homologous serine/threonine kinase, through their C-terminus Receptor
Homotypic Interacting Motif (RHIM) domains. RIPK3 has an N-terminus kinase
domain, intermediate domain, and a C-terminus RHIM domain but lacks a DD. Like
RIPK1, RIPKS is a pleiotropic kinase. Aside from necroptosis, RIPK3 is linked to
inflammasome activation, apoptosis, and intestinal tissue regeneration.3?-3* RIPK3 is
activated by phosphorylation. RIPK1 kinase activity was initially believed responsible

for RIPK3 phosphorylation but other kinases, including RIPK3 itself, may be



involved. RIPK3 activation via phosphorylation is imperative to necroptosis and
seeds synthesis of an amyloid-like oligomer termed the necrosome.336

RIPK3 recruits Mixed Lineage Kinase domain-Like pseudokinase (MLKL), the
obligatory effector of necroptosis, to the necrosome.3” MLKL binds RIPK3 through
its kinase-like domain.3® Phosphorylation of RIPK3 Ser227 is required for MLKL
interaction.®® RIPK3 phosphorylation of MLKL triggers a conformational shift, leading
to MLKL release from the necrosome, and necroptotic cell death.?®

Alternative RIPK1-independent, RIPK3-dependent necroptotic pathways have
been described. RIPK3 can be activated through RHIM domain-containing adaptor
TRIF, functioning downstream of TLR3/4, or Z-DNA sensor DAl (ZBP1/DAl).4°
RIPK1 binding blocks the RIPK3 and ZBP1/DAI mediated necroptosis.*!. RIPK3-
independent activation of MLKL has recently been described in a model of acute
inflammatory hepatitis induced by concanavalin A.#? This opens the door to other
potential direct MLKL stimuli. A second RIPK3 substrate, calcium-dependent protein
kinase Il delta (CAMK2D) may also be involved in cell death.*? RIPK3 activates
CAMK2D through phosphorylation of Thr387. CAMK2D regulates multiple ion
channels, its phosphorylation results in an influx of extracellular ions. This occurs
independently of MLKL and the exact relationship between CAMK2D and

necroptosis is uncertain.

The structural regulation of mixed lineage kinase domain like pseudokinase

(MLKL)



MLKL has two functional domains, the N-terminus four-helix bundle (4HB)
and a C-terminus pseudokinase domain linked by two helices, termed the brace
domain. The 4HB domain is composed of residues 1-124 in humans and 1-125 in
mice. The structure of full-length mouse MLKL was solved by X-ray crystallography
and human N-terminus domain (NTD, residues 1-154) by NMR.#344 Both species
share a common 4HB core. In mice the second and fourth helices are packed
against the N-terminus portion of the first brace helix and this interaction is likely
dynamic. In the human NMR structure, an additional helix was identified between
helix 3 and 4 that caps one end of the bundle. The brace helices tethering the 4HB
to the pseudokinase domain transmit pseudokinase domain phosphorylation events
to the N-terminus 4HB and inducing conformational changes and promoting cell
execution.®

MLKL evolved as a pseudokinase, rather than an active kinase.*%4” Typically,
kinases have a conserved structure. The N-terminus contains five antiparallel 3-
strands and one a-helix, which packs against the larger C-terminus domain almost
entirely composed of a helices. In active protein kinases three motifs are conserved:
VAIK, important for ATP positioning; HRD in the catalytic loop; and the DFG in the
activation loop to bind Mg?* which coordinates B and y-phosphates of the ATP
molecule. MLKL’s pseudokinase domain lacks key residues necessary for
phosphoryl transfer making it catalytically dead.®”#4 In most species, MLKL retains

the VAIK but not the HRD motif and the DFG motif is highly variable.*®¢ MLKL can
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bind ATP despite the absence of hydrolytic activity but the biologic function of this is

unknown.*®

The murine activation loop (residues 340-346) adopts the a helical structure
of an active protein kinase; however, K219 interacts with conserved residue Q343,
which is atypical for an active kinase. When either residue is mutated to Ala,
necroptosis is triggered in the absence of stimuli.** RIPK3 phosphorylates S345,
S347, and T349 in mouse MLKL and S345 is the key trigger for MLKL activation.
Human activation loop (residues 357-368) is phosphorylated at T357 and S358.37:4°
Alanine mutagenesis of these sites blocks necroptosis.3” Additional phosphorylation
sites have been found in humans and mice. Mutation of S158 or S248 to alanine
(phospho-ablating) but not glutamate or aspartate (phosphomimetic) in mice led to
necroptotic cell death without stimuli. Therefore, the pseudokinase domain is
implicated as a suppressor of necroptotic death.>

The N-terminus 4HB is the executioner domain. Inducible expression of the
4HB causes cell death in the absence of stimuli. The 4HB does not share significant
sequence or structural homology to other protein families, making its mechanistic
function difficult to deduce.?! Mutational analysis of mouse 4HB indicated that
residues critical for cell death were clustered in two regions on opposing faces of the
4HB. The first cluster localized on a-helices 3 (R63/D65) and 4 (E102/K103,
R105/D106, E109/E110, and L112/L115) composed principally of poorly conserved
acidic residues and the second cluster on the a-helices 1 (Y15/E16) and 2

(C18/C24/C28). Cluster one mutations completely inhibited membrane translocation,



high molecular weight MLKL complex formation, and cell death. Cluster two
mutations were dispensable for translocation and high molecular weight complex
formation, but prevented cell death.>° These data suggest that although membrane
translocation and polymerization alone are insufficient to cause cell death. Yet
exactly how MLKL permeabilizes the membrane remains uncertain. Proposed
mechanisms include partial insertion of the 4HB into the plasma membrane,
association with or generation of transmembrane ion channels to induce osmolysis,

or intramembrane oligomerization leading to mechanical membrane disruption.2%.50-53

Polymerization of MLKL

Upon phosphorylation of MLKL by RIPK3, MLKL undergoes a conformational
change that triggers MLKL oligomerization.40:43:47.50.52-54 The presence of the brace
region is critical to formation of MLKL dimers, trimers, and tetramers as human
MLKL 1-140 lacking the brace region remains monomeric, yet residues 1-125 in
mouse MLKL lacking the brace region can Kkill fibroblasts.*350:55 MLKL octamer
formation has been shown to occur at the necrosome and precedes MLKL
dissociation from the necrosome and translocation to the plasma membrane.®¢ The
structural stability of octameric MLKL does not require disulfide bonds but polymeric
MLKL relies on intermolecular disulfide bonds.>*%¢ Under steady-state conditions,
the cytoplasmic thiol oxidoreductase thioredoxin-1 (Trx1) system maintains cellular

redox balance by catalyzing disulfide exchange reactions, to limit disulfide bond
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formation between target proteins, such as monomeric MLKL. The small molecule

necroptosis inhibitor, enhances this interaction by cross-linking Trx1 cysteine-32 to
cysteine-86 of human MLKL which blocks MLKL polymerization and membrane
permeabilization.>” When cellular homeostatic mechanisms such as the Trx1 system
are overwhelmed or inhibited, necroptosis ensues. It is agreed that MLKL
phosphorylation, membrane translocation, and oligomerization are necessary for
necroptosis, but the specific mechanisms of these downstream steps and exactly
how LKL causes membrane permeabilization is unresolved. The objective of our
research is to identify additional protein mediators integral to the terminus steps of

necroptosis.
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CHAPTER TWO
The subcellular localization of MLKL and identification of the MLKL polymer
by negative staining electron microscopy
Introduction
Although disruption of the plasma membrane by MLKL is the currently

favored model of necroptotic cell death, this may not be the only cellular membrane
targeted in vivo.1"®* MLKL’s binding affinity for negatively charged phospholipids has
been explored in multiple in vitro studies.?3>7 Using hydrophobic membrane lipid
strips and lipid binding assays, MLKL'’s binding predilection included
phosphoinositide species and the inner mitochondrial membrane specific
cardiolipin.>®> Phosphoinositides are acidic phospholipids that interact with proteins
and regulate integral membrane proteins. Phosphoinositide species are specific to
each cellular compartment membrane. MLKL’s phosphoinositide binding repertoire
included phosphatidylinositol 4-phosphate (PI(4)P, trans Golgi), phosphatidylinositol
(4,5)-bisphosphate (P1(4,5)P2, plasma membrane), phosphatidylinositol (3,4,5)-
triphosphate (PIPs, plasma membrane), phosphatidylinositol (3)-phosphate (PI(3)P,
late endosome and multivesicular bodies), phosphatidylinositol (3,4)-biphosphate
(P1(3,4)P2, early endosome), and phosphatidylinositol (3,5)-biphosphate (PI1(3,5)P,
late endosome).3> MLKL'’s diverse organelle membrane binding was validated
through cell fractionation experiments and immunostaining.® MLKL binding to
plasma membrane PI(4,5)P2 iswidely accepted as causal to cell death in
necroptosis,’’ but the importance of MLKL's affinity for the other phosphoinositides

and cardiolipin remains unclear. Initially, the mitochondria was believed to play a role
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in necroptosis,® however, multiple studies have downplayed the its significance and

it is generally considered dispensable for necroptotic cell death.:10-13

Recombinant full length and N-terminus MLKL were capable of inducing
leakage of PI(4,5)P2 containing liposomes, and this occurred more efficiently than
liposomes mimicking the mitochondrial membrane.?® Although the N-terminus of
MLKL was capable of disrupting liposomes, it was not able to disrupt nanodiscs,
which have a more rigid membrane surface structure due to the presence of a
scaffolding protein.>38 This supports insertion of the N-terminus 4HB, at least
partially, into the lipid membranes, and this insertion may be stabilized by the
pseudokinase region.” 417" Whether this insertion causes direct cell membrane
disruption in vivo or invokes a secondary response remains contentious. PI1(4,5)P2
attracts proteins associated with membrane budding and fusion and regulates ion
channels.® Evidence exists to support MLKL’s membrane permeabilization through
formation of cation channels or association with existing ion channels;* 71819
however, conformation and structural imaging has not yet identified the plasma
membrane permeating structure.

While other labs have documented MLKL'’s migration to the plasma
membrane following necroptosis induction using confocal microscopy, the Wang
laboratory has not been able to reproduce this data.?® It is unclear whether this is
due to the use of different reagents, cell lines, or experimental techniques, or in fact
represents true experimental finding. Therefore, we sought to use an alternative

technique, immunogold transmission electron microscopy, to investigate the
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subcellular localization of MLKL after necroptosis induction. Secondarily, we wanted

to determine if the large oligomeric form of MLKL identified biochemically could be a
structured amyloid-like fiber similar to the RIPK1-RIPK3 fibers identified by Li et al

using negative stain transmission electron microscopy.?%:22

Results
Subcellular localization of MLKL by immunogold transmission electron
microscopy.

Cytoplasmic MLKL punctae are detectable in cells undergoing necoptosis
with confocal microscopy (Fig. 2.1A). To determine subcellular localization of MLKL
after necroptosis induction immunogold labelling was undertaken. NTD-DmrB cells
were plated on gridded glass coverslips and necroptosis was induced with dimerizer
and ZVAD-FMK. Cells were fixed and Flag-NTD-MLKL was immunocytochemically
labelled with M2 antibody and fluorescent (RFP) secondary antibody. RFP positive
cells were assessed for morphologic characteristics of necroptosis and mapped to a
specific grid region (Fig. 2.1B). With help from the UT Southwestern Electron
Microscopy Core, these cells were embedded, labelled with immunogold beads
targeting the secondary antibody, and imaged with transmission electron microscopy
(Fig. 2.1C). This experiment was repeated three times but yielded incongruous
results. Initially, immunogold beads targeted the plasma membrane (Fig. 2.1C,
upper panels), consistent with consensus in the field, but later studies identified

immunogold particles adhered to the mitochondria and cytoskeletal structure (Fig.
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2.1C, lower panels). Due to the nature of cell death, which results in plasma

membrane rupture, leakage of cytoplasmic contents, and cell detachment, technical
difficulties were common. Necroptotic cells were often severely degraded (Fig. 2.1C,
lower, right panel), and in some cases did not persist through the embedding
process. Despite identically timed death induction, cells were rarely in uniform states
of necroptotic death. Additionally, it was determined that under some conditions the

M2 antibody non-specifically labels cytostructural elements, presumably actin

filaments (Eig. 2.1D), invalidating its use in the immunogold assay.

A DAPI, ACTIN, M2 (MLKL)

Negative control: No M2 antibody Positive: M2 antibody
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Figure 2.1 Immunogold subcellular localization of MLKL

(A) NTD-DmrB cells were plated on glass coverslips. Cells were treated with 20 nM
dimerizer and 20 uM ZVAD-FMK. Cells were subjected to fixation and staining with
M2 antibody (labelling Flag-MLKL) or no primary antibody (M2 (green)/Actin
(red)/DAPI (blue) staining identified). Left panel control without primary M2 (MLKL)
antibody and right panel shows diffuse MLKL in cytoplasm in top three cells and
MLKL foci in the lowest cell, indicative of necroptosis induction. (B) NTD-DmrB cells
plated on 35mm glass bottom gridded dishes and treated with 20 nM dimerizer (D)
and 20 uM ZVAD-FMK. Cells were subjected to fixation, treatment with M2 (MLKL)
primary antibody, and immunofluorescent RFP secondary antibody. (C) TEM
immunogold labeled necroptotic cells. Immunogold particles (black foci) label the
plasma membrane (red arrows, top panel), non-specific cytoplasmic contents (black
arrows, top left panel), cellular remnants (lower left panel), and filamentous cellular
structural components (lower right panel, blue arrows), presumably actin. (D) NTD-
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DmrB cells were treated with 20 uM ZVAD-FMK. Cells were subjected to fixation and
staining with M2 antibody and MLKL antibody and fluorescently labelled with
fluorescent secondary antibody. M2 (red)/MLKL (green)/DAPI (blue) staining
identified a discrepancy between M2 primary antibody and MLKL primary
immunolabeling.

Identification of MLKL amyloid-like fibers by negative stain electron
microscopy

Multiple publications have reported that oligomeric forms of MLKL are
necessary for necroptosis.>*>17 Research in the Wang lab found after induction of
necroptotic cell death, MLKL elutes with a size of over 2 million Da from a Superdex
200 gel filtration column, which is much larger than the previously reported tetramers
(=240 kDa) and octamers (~480 kDa).1"-?2 Without cell death induction, MLKL eluted
as monomers (< 67kDa). In order to determine if MLKL could form a larger
polymeric structure akin to the amyloid-like polymers of RIPK1/3, full length MLKL-
Flag was immunoprecipitated from HeLa:GFP-RIPK3:MLKL-Flag cells undergoing
necroptotic cell death (Fig. 2.2A, left panel).?! MLKL polymers from the eluate MLKL
were identified on SDD-AGE gel (Fig. 2.2A, right panel). Incubation of the eluate with
10mm of DTT for 30 minutes dissociated the MLKL polymers, establishing structural
dependence on disulfide bonds.?3 To exclude the contribution of other proteins in the
whole cell lysate to polymer formation, these findings were recapitulated in vitro.
Recombinant NTD-MLKL-Flag (generated by Eduardo Reynoso) formed a polymer
stable in 2% SDS following incubation at room temperature (Fig. 2.2B). The NTD-

MLKL eluate from whole cell lysates and the recombinant NTD-MLKL protein were
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subjected to negative staining and electron microscopy. Fibrillar forms were

identified in both samples (Fig. 2.2C). The fibers obtained from cells had a
consistent diameter (5.1 nm) that differed from the previously identified RIPK1/3
fibers (11-12 nm). The diameter of the recombinant protein fibers was slightly
smaller (4.6 nm) than those isolated from cells. This difference was attributed to the

absence of the C-terminus pseudokinase domain in the recombinant MLKL protein.
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Figure 2.2. Negative stain electron microscopy of MLKL fibers

(A, left panel) Cell lysates were subjected to immunoprecipitation (IP) with anti-Flag
beads, eluted with pH3 buffer, and analyzed by Western blotting. (Right panel)
Eluate from immunoprecipitation of the TSZ treated lysates was analyzed by SDD-
AGE. (B, left panel) Recombinant NTD-MLKL (200nM) protein was analyzed by
reducing SDS-PAGE and stained with Coomassie Blue Dye. (Right panel)
Recombinant NTD-MLKL protein was incubated at 25°C for O hr or 3 hr. Total 50 ng
protein was loaded for SDD-AGE. Total 50 ng of purified GST-NTD-MLKL protein
was analyzed by reducing SDS-PAGE. (C, left panel) Eluate from
immunoprecipitation of the TSZ treated lysates was subjected to negative staining
and analyzed by electron microscope (EM). Bar represents 100 nm. At least 10
fibers were measured to calculate the average diameter. (Right panel) Recombinant
NTD polymers were subjected to negative staining and analyzed by EM. Bar
represents 100 nm. At least 10 fibers were measured to calculate the average
diameter.*Figures 2.2A and C have been published previously.??

Discussion
Subcellular localization

The immunogold results are inconclusive for determining MLKL necroptotic
subcellular localization. The greatest confounding factor was the lack of M2 antibody
specificity, realized after the third immunogold experiment. Ideally, direct MLKL
antibody labelling should have been undertaken. This was not originally pursued due

to concerns about the low intensity of direct MLKL immunofluorescence staining
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using confocal microscopy. Further, measurement of endogenous MLKL would

avoid potential atypical subcellular localization due to overexpression. Given the
diversity of phosphoinositides targeted by MLKL in vitro, further investigation and
refinement of the immunofluorescent/immunogold labeling may be worthwhile.
MLKL: gain-of-function polymer

Evolutionarily conserved, prion-like signaling proteins or protein complexes
such as mitochondrial antiviral signaling protein (MAVS) and the apoptosis
associated spec-like protein (ASC), differ from other prion-like proteins in that they
are gain-of-function polymers and their conformation is key to their function.?4#2> The
identification of an MLKL amyloid-like fiber distinct from the RIPK1-RIPK3 amyloid-
like signaling complex, makes it the second prion-like structure identified in the
necroptosis signaling pathway.?>> Based on biochemical evidence, generation of
the polymeric form of MLKL is a required step in the necroptotic pathway, suggesting
that it too is a gain-of-function polymer. Similarities between the amyloid-like MLKL
polymer and the MAVS and ASC signalosomes set them apart from other typical
prion domains. For example, their monomeric forms are not enriched in glutamine
and asparagine and the monomers undergo regulated prion conversion.?2% In
contrast to MAVS and ASC signalosomes, but similar to the RIPK1-RIPK3 filament,
MLKL polymers stain with Congo Red that binds to B-pleated sheet conformations,
suggesting that the a helical structure of the N-terminus of MLKL is not conserved in
the polymeric form, although this remains to be determined.??23 It is relevant to note

that the fibers do not stain with thioflavin and this is atypical to B amyloids. Further,
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MLKL oligomerization and membrane translocation requires the chaperone HSP90

and its co-chaperone Cdc37.2728 Although the heat shock proteins are widely
associated with prion templating, chaperones do not appear to be required for MAVS
or ASC polymer assembly.

The exact function of the MLKL polymer is still unclear. The homology
between the 4HB of MLKL and the N-terminus HelLo-like domain (HELL) of the
fungal protein HELLP identified by Daskalov et al. may be relevant.?® The HELL
domain functions analogously to the HET-S protein from the ascomycete fungus
Podospora anserine, which permeabilizes plasma membranes through an N-
terminus a-helical globular, pore-forming domain (HeL0).26:2°30 The HET-S/s C-
terminus prion domain is required for amyloid propagation. In prion form, the C-
terminus of HET-s adopts a B solenoid fold which transconforms the HET-S prion
domain during cell fusion. This leads to refolding of the HET-S HeLo domain
exposing a helix capable of permeating the membrane and propagating peripheral
cellular migration leading to cell death via pore formation.?® HET-S does not form a
prion.3132 The HeLo domain of Het-s, which differs from the HET-S HelLo domain by
13 residues, is non-toxic.3° This raises the question: Which MLKL molecular species
causes membrane disruption? Is the MLKL polymer a toxic amyloid—like fibril or
could it serve an alternative purpose as a seed for a toxic MLKL monomer or
oligomer. Alternatively, MLKL may not be directly involved in structure dysfunction, it
could serve as an intracellular signalosome or locally transmissible prion-like protein

within an extracellular vesicle pathway.33
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Could PolyQ proteins and MLKL share a similar mechanism of cytotoxicity?

Another potentially applicable model for MLKL induced cell damage and
dysfunction are the polyglutamine (PolyQ) fibrils associated with multiple
degenerative diseases (huntingtin in Huntington’s disease, a-synuclein in
Parkinson’s disease, B-amyloid in Alzheimer’s disease). The polyQ stretches shared
by these aggregate prone proteins are causal to misfolding and correlated to
severity of disease.3* 3% Amyloidogenic protein misfolding leads to nucleation-
dependent generation of polymorphic oligomers and fibrils. Oligomeric aggregates,
composed of a small numbers of molecules and large numbers of non-filamentous
assemblies, are believed to be the toxic species.36:3” Exposure to oligomers disrupts
giant unilamellar vesicle membranes through shifts in bilayer rigidity and adhesion
force, inducing leakage of intravesicular contents.3” Yet, the fibrils may also
contribute to membrane damage as in the case of type 2 diabetes mellitus. 36:38-40
Human islet amyloid polypeptide (hIAPP) fibril growth at the extravesicular
membrane of large unilamellar vesicles causes breakdown of cell barrier function. In
vitro, the rate of leakage is accelerated by the presence of preformed seeds
suggesting that fibril elongation rather than intermediate oligomers are the cause of
the membrane damage. Fibrils can extract lipid at the liposome contact point of
distortion.*% In vivo, this is followed by intracellular calcium dysregulation and
oxidative stress.3941

Although MLKL lacks polyQ tracts, the polymeric expansion may represent a

common mechanism for membrane breakdown in that both cellular damage
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scenarios require intimate association of negatively charged membrane lipids and

positively charged residues or areas of high positive charge density on the protein
polymer.
Conclusions

Research in the field of necroptosis and other programmed cell death
pathways has grown exponentially in the past decade. Despite the vast
accumulation of data, the intricacies and inter-relatedness of necroptosis and other
regulated cell death pathways hinder therapeutic application to the treatment of
human disease. The discovery of a polymeric MLKL fiber is an intriguing addition to
the pool of prion-like protein effectors in inflammatory signaling, but it does not
answer the key mechanistic question of how plasma membrane disruption occurs.
Rather, it encourages further exploration of the complexities of the cell death
pathways.
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CHAPTER THREE
Necroptosis blocking compound 1 (NBC1) inhibits necroptosis by conjugating
Hsp70 and abrogating MLKL polymerization

Introduction

The recognition of small-molecules that block necroptosis such as the RIPK1
inhibitor necrostatin (Nec-1), the MLKL inhibitor necrosulfonamide (NSA), and
17AAG the heat shock protein 90 (Hsp90) antagonist were key in understanding the
core-signaling pathway and the discovery of ancillary proteins like Hsp90, which
facilitates the final stages of necroptosis.1®* Hsp90 is an abundant and highly
conserved molecular chaperone with a diverse set of client proteins, many of which
are members of the kinome. Interactions are dependent on recognition of the kinase
or pseudokinase domain by co-chaperone CDC37.487 Hsp90 interacts with RIPK1,
RIPK3, and MLKL, affecting protein stability and function. Inhibition of Hsp90
prevents RIPK1 interaction with RIPK3 and blocks phosphorylation of RIPK3 and
MLKL, abrogating necroptosis.®’ Hsp90 promotes MLKL oligomerization and plasma
membrane translocation; however, Hsp90 inhibitors are unable to block necroptosis
in cells over-expressing N-terminus MLKL (residues 1-180) death effector domain,
the 4HB.* Through an unbiased small molecule screen, we have identified a novel
chemical inhibitor of necroptosis that targets an additional molecular chaperone,
heat shock protein 70 (Hsp70). As with Hsp90, Hsp70 stabilizes MLKL and promotes

MLKL polymerization, but unlike Hsp90, Hsp70 interacts with the N-terminus domain

31
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of MLKL. This work expands the role of heat shock proteins in necroptosis.

Results

Identification of a novel necroptosis blocking compound (NBC1)

We performed a forward small molecule screen using libraries provided by
The National Cancer Institute’s Developmental Therapeutics Program Open
Chemical Repository to identify inhibitors of TNFa induced necroptosis. Using a
phenotypic cell death assay, 2,675 small molecules were evaluated. We initiated
the screen with the colon cancer cell-line, HT-29, which undergoes TNFa mediated
necroptosis using conventional stimuli: TNFa (T) to activate TNFR1, Smac mimetic
(S) to inhibit clAP-mediated ubiquitylation of RIPK1, and ZVAD-FMK (2), the pan-
caspase inhibitor to inhibit caspase 8.28 Necroptosis inhibitors of RIPK1
(Necrostatin) and MLKL (Necrosulfonamide, NSA) were used as positive controls.?°
Successful candidate compounds from the first tier were tested in NTD-DmrB HelLa
cells, which stably express a truncated MLKL transgene containing the N-terminus
domain (NTD: 1-190 amino acids), or death effector domain, fused to a chemically-
inducible, dimerizable (DmrB) domain driven by a Tet-inducible promoter. Use of
NTD-DmrB cells bypassed the proximal necroptosis signaling cascade and identified
inhibitors that acted downstream of MLKL dimerization. A third tier assay used
mouse fibroblast L929 cells. Because cysteine 86 targeted by NSA is not conserved

in the Mus musculus MLKL homolog, NSA is ineffective in murine cells, ensuring
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that any novel MLKL inhibitors would have a mechanism unigue from NSA. From the

tiered screen, a single small molecule, Necroptosis Blocking Compound-1 (NBC1),
effectively blocked necroptosis in all cell lines (Fig. 3.1A-D). NBC1 had variable
ECso values in HT-29 (0.5uM), NTD-DmrB (2.9uM), and L929 cells (7.5uM) which
may reflect inherent cell type and species differences.

NBC1 was further analyzed to determine compond stabililty and aidentify
active structural characteristic. The metabolic S9 stability assay of NBC1 found that
the compound has a predicted half-life of 1.1 minutes, limiting its use to cell culture
systems. NBC1 analogs were generated to perform structure activity relationship
studies (SAR) (Fig. 3.1E, F). Compound activity correlated with higher numbers of
a,B-unsaturated enone moieties, presumably acting as Michael acceptors, which

suggests that this functional group is required for NBC1’s biological activity.
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Figure 3.1. Identification of novel necroptosis blocking compound (NBC1)
from NCI Open Chemical Repository Collection.

(A) Tiered cell model system for forward small molecule screen. Left panel depicts
the canonical necroptosis signaling cascade in HT-29 cells (tier 1), which can be
blocked Necrostatin targeting RIPK1 or Necrosulfonamide (NSA) targeting MLKL.
The middle panel depicts the MLKL dimerizable induction of necroptosis in HeLa
MLKL knockout cells expressing the doxycycline inducible, dimerizable domain of N-
terminus MLKL (NTD-DmrB, tier 2), which recapitulates the distal cell death pathway
and is blocked by NSA. The right panel (tier 3) shows the mouse fibrosarcoma L929
cells.

(B) NBC1 dose-response curve in HT-29 cells. Cells were treated as indicated for 16
hours. Necroptosis was induced with TNFa (20ng/ml), Smac mimetic (100nM), and
ZVAD-FMK (20uM, TSZ). Identical concentrations used in other experiments unless
otherwise indicated. Cell viability was measured by the CellTiter-Glo assay. Data are
represented as mean + SD of duplicates.

(C) NBC1 dose-response curve in NTD-DmrB cells. Cells were treated as indicated
for 16 hours. Necroptosis was induced with dimerizer and ZVAD-FMK (DZ). Cell
survival was assessed by the CellTiter-Glo assay. Data are represented as mean *
SD of duplicates.

(D) NBC1 dose response curve in mouse fibrosarcoma L929. Cells were treated as
indicated for 16 hours. Necroptosis was induced with TNF, Smac mimetic, and
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ZVAD-FMK (TSZ). Cell viability was measured by the CellTiter-Glo assay. Data are
represented as mean + SD of duplicates.

(E) Chemical structures of NBC1 and its structural analogues.

(F) NTD-DmrB cells set up for NBC1 and its analogues (NBC1-Al (NA1), NBC1-A2
(NA2), NBC1-A3 (NA3), and NBC1-A4 (NA4)) effective dose determination. Cells
were treated as indicated for 16 hours. Necroptosis was induced with dimerizer and
ZVAD-FMK (DZ). Cell viability was assessed by the CellTiter-Glo assay. Data are
represented as mean + SD of duplicates. NA4 identified as the negative analog
(NA).

NBC1 specifically conjugates Hsp70
To aid in identification of the molecular target of NBC1, biotinylated NBC1 (B-
NBC1) and negative analog (B-NA) were generated (Fig. 3.2A). The biotinylated

NBC1 analog maintained its ability to block necroptosis but required a 2 fold higher

concentration (Supplementary Fig. S1). Following treatment of NTD-DmrB with

increasing concentrations of B-NBC1, a unique avidin positive protein was identified
at approximately 72 kDa (Fig. 3.2B). B-NBC1 conjugation was competitively inhibited
with non-biotinylated NBC1 but not NA (FEig. 3.2C) suggesting specific protein
targeting. Mass spectroscopy identified the target as the molecular chaperone heat
shock protein 70 (Hsp70). This interaction was confirmed in vivo using NTD-DmrB
cells (Fig. 3.2D). Notably, MLKL was not identified in the mass spectroscopy
analysis B-NBC1 nor did MLKL interact with B-NBCL1 in vivo. The conjugation was
found to be covalent as boiling failed to disrupt B-NBC1 binding to recombinant
human Hsp70 in vitro (Eig 3.2E). The inverse intensity relationship between avidin-
HRP and Hsp70 immunoblots in the B-NBC1 treated samples suggested blockade

of the antibody-Hsp70 binding site by B-NBC1.
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Heat shock protein 70 has two highly conserved domains, an N-terminus

nucleotide-binding domain (NBD), which regulates the affinity of substrate binding,
and a C-terminus substrate-binding domain (SBD). In order to confirm a role for
Hsp70 in necroptosis, two chemical inhibitors with unique mechanisms of action
were used in cell death assays (Fig. 3.2F). VER-155008 (5'-O-[(4-Cyanophenyl)
methyl]-8-[[(three, 4-dichlorophenyl) methyl] amino]-adenosine), which blocks the
Hsp70 NBD and acts as an ATP competitive inhibitor, did not protect NTD-DmrB
cells from necroptosis.® Whereas PES-CI, which binds to the SBD and disrupts
interaction with client proteins, was protective.'! This suggests that blockade of
Hsp70’s SBD is critical to its protective effect. To determine if NBC1 shared
characteristics of other Hsp70 inhibitors, accumulation and oligomerization of
p62/SQSTM1 was assessed by immunoblot following compound treatment (Fig.
3.2G).1911 Hsp70 inhibitors are known to disrupt autophagy and accumulation p62
oligomers mark this effect. NBC1 mimicked the action of known Hsp70 chemical

inhibitors, which may have relevance as an ancillary cell death pathway.
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Figure 3.2. NBC1 specifically conjugates Hsp70.

(A) Chemical structures of biotinylated NBC1 (B-NBC1) and its negative analogue
(B-NA).

(B) Identification of a unique avidin positive protein. NTD-DmrB cells were treated
with incrementally increasing concentrations of B-NBC1. Whole cell lysates were
separated by polyacrylamide gel electrophoresis followed by anti-avidin Western
blot.

(C) Identification of Hsp70 as NBCL1 target protein. NTD-DmrB cells were treated
with biotinyated and non-biotinylated positive and negative compounds as indicated
in experimental procedures describing the competitive inhibition assay. Biotin
labeled proteins were precipitated with streptavidin beads. Eluates were separated
by polyacrylamide gel electrophoresis and unique proteins were identified by silver
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staining. Arrow identifies band excised for mass spectroscopy and identified as
Hsp70.

(D) Hsp70-B-NBC1 interacts during necroptosis. Aliquots (1mg) of whole cell lysates
from NTD-DmrB cells treated with DMSO or B-NBC1 were used for streptavidin
precipitation. Aliquots of 20 pg whole cell lysates were subjected to Western blot to
measure Hsp70 and MLKL input levels and eluate.

(E) In vitro conjugation assay. Recombinant human Hsp70 (rhHsp70, 350nM)
treated with incrementally increasing concentrations of B-NBC1 or B-NA as
indicated. Samples were boiled in SDS containing loading buffer, separated on an
acrylamide gel, and subjected to Western blot with avidin-HRP and Hsp70.

(F) NTD-DmrB cells were treated as indicated for 16 hours. Cell viability was
determined by measuring ATP levels. Necroptosis was induced by the addition of
dimerizer and ZVAD-FMK (DZ). The data are represented as the mean + SD of
triplicate wells.

(G) NBC1 mimics P62 aggregation caused by known Hsp70 inhibitors. NTD-DmrB
cells were treated with DMSO, Hsp70 inhibitor: 2-Phenylethynesulfonamide (PES,
20 uM), NBC1 (20 uM), and NA (20 uM) for 16 hours. Cell lysates were subjected to
P62/SQSTM1 and LDH Western blot of P62/SQSTM1 and LDH as a loading control.

Inhibition of Hsp70 blocks MLKL polymerization

MLKL is the final protein mediator of necroptosis; therefore, we wanted to
determine if Hsp70 interacted directly with MLKL. Immunoprecipitation of Flag-
tagged MLKL from the NTD-DmrB cells pulled-down endogenous Hsp70 in cells
undergoing necroptosis but not under control conditions (Fig. 3.3A). The Hsp70 pull-
down was not inhibited by NSA suggesting that although cell death had been
prevented the interaction between MLKL and the stress-inducible Hsp70 persists.
Inhibitors of Hsp90 destabilize core necroptotic mediators and reduce MLKL
phosphorylation and polymerization, we wanted to determine if Hsp70 had a similar
mechanism of action. RIPK1, RIPK3, and MLKL expression is stable in HT-29 cells
treated with NBC1 for 16 hours. Unlike chemical inhibition of Hsp90,

phosphorylation of MLKL was also unaffected by treatment with NBC1, indicating



44

that NBC1’s protective effect occurs downstream (Fig. 3.3B). NBC1 did not inhibit

tetramer formation NTD-DmrB or HT-29 cell (Fig. 3.3C and D). To determine if

Hsp70 could affect polymerization of MLKL, a Semi-Denaturing Detergent Agarose

Gel Electrophoresis was employed.!? This is a method for detecting and

characterizing large protein polymers, which are stable in 2% SDS at room

temperature, unlike most large protein complexes. In HT-29 and NTD-DmrB cells

treated with DMSO or NA, the polymeric form of MLKL is visible, whereas, treatment

with NBC1 inhibits MLKL polymerization similar to NSA (Fig. 3.3E and F).%13
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Figure 3.3. Chemical inhibition of Hsp70 C-terminus substrate binding domain
blocks necroptosis

(A) Hsp70 co-immunoprecipitated with MLKL during necroptosis. NTD-DmrB cells
were treated as indicated. Flag-tagged MLKL was immunoprecipitated with anti-Flag
antibody from cell lysates. Western blotting using antibodies as indicated analyzed
immunocomplexes.
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(B) The effects of NBC1 on the necroptosis protein mediators. HT-29 cells were
treated with DMSO, NBC1 (10 uM), or NA (10 uM) for 16 hours. Necroptosis was
induced with TSZ. Whole cell lysates were separated by SDS-PAGE and subjected
to Western blot with RIPK1, RIPK3, Phospho-MLKL, MLKL, and LDH as a loading
control. The subtle double band in the TSZ treated sample in the RIPK3 immunoblot
is suggestive of phosphorylation. Phosphorylation of MLKL which occurs
downstream of necrosome formation is positive in the TSZ treated samples.

(C) NBC1 does not modify MLKL tetramer formation in NTD-DmrB cells. Cells were
treated with DMSO, NBC1 (10 uM), or NA (10 uM) for 16 hours. Necroptosis was
induced with DZ. Whole cell lysates were separated by non-reducing and reducing
SDS-PAGE and subjected to Western blot analysis with the antibodies indicated.
(D) NBC1 does not modify MLKL tetramer formation in HT-29 cells. Cells were
treated with DMSO, NBC1 (10 uM), or NA (10 uM) for 16 hours. Necroptosis was
induced with DZ. Whole cell lysates were separated by non-reducing and reducing
SDS-PAGE and subjected to Western blot analysis with the antibodies indicated.
(E) NBC1 blocks MLKL polymerization in NTD-DmrB cells. Cells were treated with
DMSO, NBC1 (10 uM), or NA (10 uM) for 16 hours. Necroptosis was induced with
DZ. Whole cell lysates were subjected to Semi-Denaturing Detergent Agarose Gel
Electrophoresis (SDD-AGE), reducing SDS-PAGE, and immunoblot with M2-HRP to
assess MLKL polymerization.

(F) NBC1 blocks MLKL polymerization in HT-29 cells. Cells were treated with
DMSO, NBC1 (10 pM), or NA (10 uM) for 16 hours. Necroptosis was induced with
DZ. Whole cell lysates were subjected to SDD-AGE, reducing SDS-PAGE, and
immunoblot with MLKL to assess polymerization.

Hsp70 promotes MLKL polymerization in vitro

Hsp70 and, highly homologous heat shock cognate 70 (Hsc70), enhance
polymerization of recombinant N-terminus domain-GST-MLKL-FLAG (rhMLKL; Fig.
3.4A). Treatment of rhMLKL with NBC1 attenuates the generation of the amyloid—
like polymer relative to treatment with NA (Fig. 3.4B). Recombinant N-terminus NBD
(residue 2-385) and C-terminus SBD (residue 390-616) Hsp70 truncation proteins
were generated to determine which region promoted polymerization (Fig 3.4C).

MLKL polymerization was abrogated by recombinant NBD Hsp70 and enhanced

with recombinant SBD Hsp70 compared to full length Hsp70 (Fig 3.4D). The
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substrate-binding domain (SBD) of Hsp70 is divided into 3-sheet and a-helical lid

subdomains. Recalling the SAR studies, we hypothesized that the robustly
nucleophilic cysteines within the a-helical lid subdomain, the only cysteines in the C-
terminus, may be NBC1’s target amino acids. The cysteine residues were mutated
to serines (C574S, C603S, C574/603S). Single and double cysteine mutagenesis
abrogated the NBC1 binding affinity for the SBD of Hsp70 (Fig. 3.4E). Further, the
mutagenized C-terminus Hsp70 proteins (C574S, C603S) diminished the
polymerization of MLKL as compared to full length and C-terminus recombinant

Hsp70 and the effect was additive in the double mutant (C574/603S; Fig. 3.4F).
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Figure 3.4. Hsp70 interacts directly with MLKL and enhances MLKL
polymerization.

(A) Hsp70 enhances MLKL polymerization in vitro. Recombinant human N-terminus
MLKL labeled with GST and Flag (NTD-MLK) combined with bovine serum albumin
(BSA), recombinant human Hsp70 (Hsp70), or recombinant human Hsc70 as
indicated were incubated at 23°C for 3 hours. The samples were separated by non-
reducing SDD-AGE (upper panel) and protein loading was visualized by Coomassie
blue staining (lower panel). NTD-MLK is just below 55kDa.

(B) NBC1 abrogates Hsp70 enhanced MLKL polymerization in vitro. NBC1 and NA
were incubated with rhHsp70 for 24 hours at 4°C, then dialyzed in PBS for 16 hours
at 4°C. BSA and Hsp70 were exposed to identical conditions. Samples were
incubated with NTD-MLK as indicated at 23°C for 1 hour. The samples were
separated by non-reducing SDD-AGE (upper panel) and protein loading was
visualized by Coomassie blue staining (BSA, Hsp70) and Western blot (NTD-MLK)
using anti-Flag antibody. NTD-MLKL 5nM is not visible with Coomassie blue
staining.

(C) Domain structures of Hsp70 used for recombinant truncation proteins.

(D) Substrate binding domain of Hsp70 enhances MLKL polymerization in vitro.
NTD-MLK combined with BSA, Hsp70, or recombinant human N-terminus nucleotide
binding domain of Hsp70 (NTD) and C-terminus substrate binding domain of Hsp70
(SBD) at concentrations indicated were incubated at 23°C for 3 hours. The samples
were separated by non-reducing SDD-AGE (upper panel) and protein loading was
visualized by Coomassie blue staining (lower panel). NTD-MLK is just below 55kDa.
(E) Cysteine mutagenesis of the SBD decreases B-NBC1 affinity. In vitro
conjugation assay was conducted with B-NBC1 or B-NA with the SBD and cysteine
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to serine mutants of the SBD (C574S, C603S, C574/603S) at concentrations
indicated, as described in experimental procedures. Samples were boiled in SDS
loading buffer, separated on a polyacrylamide gel, and subjected to Western blot
with avidin-HRP. Proteins were quantited by Coomassie blue stain.

(F) Cysteine mutagenesis of the SBD diminished MLKL polymerization in vitro. NTD-
MLK was incubated with BSA, Hsp70, or cysteine to serine mutants of the SBD
(C574S, C603S, C574/603S) at concentrations indicated at 23°C for 3 hours. The
samples were separated by non-reducing SDD-AGE (upper panel) and protein
loading was visualized by Coomassie blue staining (lower panel). NTD-MLK is just
below 55kDa.

Hsp70 knockdown blocks necroptosis and destabilizes MLKL

Heat shock protein 70 is an inducible molecular chaperone responsible for
protein folding and stability.24*> In order to evaluate whether reduction of Hsp70
inhibited necroptosis, Hsp70 was knocked down with small interfering RNA (SiRNA).
Concurrent treatment with the pan caspase inhibitor ZVAD-FMK was required to
block apoptosis induced with Hsp70 knockdown. In NTD-DmrB cells and HelLa cells,

stably transfected with RIPK3 and expressing endogenous MLKL, knockdown of

Hsp70 effectively blocked necroptosis (Fig. 3.5A and Supplementary Fig. S2);

however, Hsp70 knockdown modulates MLKL stability in cell lines with transgenic

and endogenous MLKL expression (Fig. 3.5B and Supplementary Fig. S3). The
MLKL protein was not found in the membrane fraction nor was a large protein
aggregate identified in low percentage gel electrophoresis (data not shown). This
finding is consistent with MLKL'’s client protein status but to confirm that the
depletion was post-translational, Hsp70 and MLKL mRNA was measured following
knockdown (Fig. 3.5C). MLKL mRNA was not reduced with Hsp70 knockdown but

rather slightly increased suggesting translational or post-translational disruption of
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MLKL. Notably, knockdown of Hsp70 did not affect RIPK1 or RIPK3 levels

(Supplementary Fig. S3). Due to the high sequence homology between Hsp70 and

the constitutively expressed Hsc70 and the importance of Hsp70’s co-chaperone
heat shock protein 40 (Hsp40, DNAJBL1), the protective nature of these proteins

were assessed by knockdown (Fig. 3.5D, E and Supplementary Fig. S4). Neither

Hsc70 nor Hsp40 knockdown was protective against necroptotic cell death,
suggesting that this effect is specific to Hsp70 and the potential that an alternate
cochaperone, such as DNAJC7 or BAGS5, is involved in protection. Unlike Hsp90,
small molecule inhibition of Hsp70 with NBC1 at the duration and concentration
required to protect from necroptosis did not diminish MLKL levels (Fig. 3.5F).%13 Itis
probable that MLKL instability is not integral to the necroptotic blocking function of

NBCL1 that limits MLKL polymerization.
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Hsp70 SBD a-Helical Lid Domain

NBC1

Figure 3.5. Hsp70 knockdown destabilizes MLKL.

(A) Knockdown of Hsp70 inhibits necroptosis. NTD-DmrB cells were transfected with
siRNA against luciferase (siLuc), MLKL (siMLKL), or Hsp70 (siHsp70) with two
different oligos (siHsp70.4 and 70.5) for 72 hours. Cells were treated with ZVAD-
FMK (Z) and/or dimerizer (DZ) to induce necroptosis for 6 hours. Cell viability was
measured with the CellTiter-Glo assay. Data are represented as mean + SD of
duplicates.

(B) Knockdown of Hsp70 destabilizes MLKL. NTD-DmrB cells were transfected with
siRNA as indicated in 5A. Cell lysates were generated and knockdown of Hsp70 and
MLKL was assessed by Western blot analysis with anti-Hsp70 and anti-Flag
antibodies, respectively. Anti-B-tubulin immunoblot was used as a loading control.
Data are representative of three replicates.

(C) Knockdown of Hsp70 does not diminish MLKL mRNA levels. NTD-DmrB cells
were transfected with siRNA as indicated in 5A. RNA isolation, cDNA generation,
and qPCR methods are described in experimental procedures. Sample relative
MRNA expression is hormalized to actin expression and Hsp70 and MLKL
expression is normalized to cells transfected with si-luciferase (siLuc). Data is
represented as mean + SD of triplicate wells.

(D) Knockdown of Hsc70 does not inhibit necroptosis. NTD-DmrB cells were
transfected with siRNA against luciferase (siLuc), MLKL (siMLKL), or Hsc70
(siHsp70) with three different oligos (siHsc70.1, 70.2, and 70.3) for 72 hours. Cells
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were treated with ZVAD-FMK (Z) and/or dimerizer (DZ) to induce necroptosis for 6
hours. Cell viability was measured with the CellTiter-Glo assay. Data are
represented as mean + SD of triplicate wells.

(E) Knockdown of Hsc70 does not modulate MLKL stability. NTD-DmrB cells were
transfected with siRNA as indicated in 5D. Cell lysates were generated and
knockdown of Hsc70 and MLKL was assessed by Western blot analysis with anti-
Hsc70 and anti-Flag antibodies, respectively. Anti-B-tubulin immunoblot was used as
a loading control.

(F) NBCL1 treatment does not reduce MLKL levels in NTD-DmrB or HT-29 cells.
NTD-DmrB and HT-29 cells were treated with 10uM NBCL1 for indicated intervals.
Cell lysates were generated, separated on SDS-PAGE, and subjected to Western
blot with MLKL and B-tubulin or LDH, as a loading controls. The low level of MLKL at
0 hours in NTD-DmrB cells likely reflect difference in dox protein induction.

(G) Mechanistic model of NBC1 conjugation of Hsp70. Cysteine residues 574 and
603 spanning 4.9 Angstroms in the SBD of Hsp70. NBC1 molecule spans ~5.6
Angstroms between Michael acceptors. A single molecule could covalently bind both
cysteines. Hsp70 image generated with PyMOL from crystal structure 4PO2.
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Supplemental Data

(S1) NTD-DmrB cells were treated with DMSO, B-NBC1, and B-NA. Necroptosis
was induced by the addition of dimerizer and ZVAD-FMK (DZ). Cell survival was
assessed by the CellTiter-Glo assay. Data are presented as mean + SD.

(S2) Knockdown of Hsp70 inhibits necroptosis. HeLa GFP-RIPK3-FLAG cells that
express endogenous MLKL were transfected with siRNA against luciferase (siLuc),
MLKL (siMLKL), or Hsp70 (siHsp70.4) for 72 hours. Cells were treated with ZVAD-
FMK (Z) and/or TNFa and Smac mimetic (TSZ) to induce necroptosis for 6 hours.
Cell viability was measured with the CellTiter-Glo assay. Data are represented as
mean * SD of triplicate wells.

(S3) Knockdown of Hsp70 destabilizes endogenous MLKL HelLa GFP-RIPK3-FLAG
cells were transfected with siRNA as indicated in Fig. S2. Cell lysates were
generated and knockdown of Hsp70 and MLKL was assessed by Western blot
analysis with anti-Hsp70 and anti-Flag antibodies, respectively. RIPK3, Phospho-
MLKL, and LDH expression were also evaluated by immunoblot.

(S4) Knockdown of Hsp40 (DNAJB1) does not inhibit necroptosis. Left panel: NTD-
DmrB cells were transfected with siRNA against luciferase (siLuc), MLKL (siMLKL),
or Hsp40 (siHsp40) for 72 hours. Cell lysates were generated and knockdown of
Hsp40 was assessed by Western blot analysis with anti-Hsp40 antibody. Anti-LDH
immunoblot was used as a loading control. Anti-Hsp70 antibody immunoblot was
performed to ensure stability. Right panel: Cells were treated with ZVAD-FMK (2)
and/or dimerizer (DZ) to induce necroptosis for 6 hours. Cell viability was measured
with the CellTiter-Glo assay. Data are represented as mean + SD of triplicate wells.
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Discussion

The results herein identify a novel small molecule inhibitor of necroptosis,
NBC1, effective in human colon adenocarcinoma (HT-29), human cervical
carcinoma (HelLa), and murine fibrosarcoma (L929) cell lines. NBC1 targets the
stress inducible molecular chaperone Hsp70. Through this interaction, Hsp70 has
been identified as a novel-MLKL interacting protein. Mechanisticaly, chemical
inhibition of Hsp70 necroptotic cell death by abrogating MLKL polymerization, a
necessary step in necroptosis. In vitro, Hsp70 enhances MLKL polymerization and
this effect is inhibited when Hsp70 is pretreated with NBC1.

Hsp70 regulates many eukaryotic proteins through transient association.®
These include nuclear receptors (steroid hormone receptors), kinases (Raf, elF2a-
kinase) and transcription factors (HSF, c-Myc, pRb). In these complexes, chaperone
binding is sensitive to substrate-ligands or substrate phosphorylation. Some
proteins, often eukaryotic kinases, use the Hsp70 and Hsp90-co-chaperone (Cdc37)
system pathways in tandem.6-18 Hsp70’s function in necroptosis is similar to that
previously reported for Hsp90, in that both molecular chaperones interact with MLKL
and modulate the formation of high molecular weight MLKL oligomers.*° Unlike
Hsp90, Hsp70 mediates its pro-necroptotic effect through the N-terminus domain of
MLKL. Hsp90 interacts with both the N and C terminuss, Hsp90 inhibition was
unable to block necroptosis induced by the N-terminus 4HB alone.*® Further, Hsp90
facilitates tetramer formation, which is unhindered with NBC1’s inhibition of Hsp70.

Hsp70 blocks MLKL polymerization after tetramer formation. This points to distinct
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mechanisms of Hsp70 and 90 in regards to MLKL multimer stability. It is tempting to

hypothesize that these molecular chaperones work together to ensure MLKL
oligomer structural stability.

Knockdown of Hsp70 destabilized MLKL protein but did not disrupt mMRNA
levels, consistent with MLKL’s client protein status. Yet, small molecule inhibition of
Hsp70 with NBC1 did not modulate MLKL protein levels in HeLa or HT-29 cells. This
may be due to the more profound effects of Hsp70 knockdown on protein translation
or post-translational modifications than chemical inhibition alone. Alternatively,
Hsp70 may stabilize an intermediary molecular chaperone of MLKL. Chemical
inhibition of Hsp90 does not consistently reduce levels of its client proteins RIPK1,
RIPK3, or MLKL and this is reportedly dependent on specific inhibitors and the cell
lines utilized.*>72% The percent of cell survival and effective concentration of NBC1
varied between cell lines. Mouse L929 cells had a fifteen-fold higher ECso than HT-
29 cells, illustrating potential species and tissue differences that may be relevant to
Hsp70 signal regulation in necroptosis.

Hsp70 and its constitutively expressed family member heat shock cognate 70
(Hsc70) share a high degree of structural and sequence homology. The in vitro
polymerization of MLKL by both Hsp70 and Hsc70 suggests that they are
functionally equivalent, but Hsc70 knockdown did not prevent necroptosis nor
modulate MLKL levels when used in cellular necroptosis cell death assays.
Mechanistic differences between Hsc70 and Hsp70 clearly exist in vivo and may be

attributed to interactions with other protein mediators or distinct co-chaperones.
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Interestingly, the knockdown of the Hsp70 cofactor Hsp40 (DNAJB1), which

stimulates Hsp70’s ATPase activity, had no effect on necroptosis. An alternative co-
chaperone is likely involved but remains to be identified.

NBCL1 binds the C-terminal, SBD of Hsp70 and that interaction is disrupted
when cysteine residues 574 and 603 are mutated to serine residues. The SBD is
divided into two subdomains, a two-layer B-sandwich, containing the binding pocket,
and a helical lid subdomain, composed of five helices (A-E) and terminating in an
intrinsically disordered region. Both cysteine residues are located in the a-helical lid
domain (residues 508-641), which regulates the kinetics of substrate binding and
can induce conformational changes in bound substrate.?! Cysteine mutagenesis of
Hsp70 SBD limits MLKL polymerization in vitro. While the lid is required for Hsp70
function, ATPase activity is not universally required.?'-?* Previous studies indicate
that the truncated Hsp70 SBD is able to bind substrates independently of the NTD in
the nucleotide free state. The lid does not need to fold over the substrate, allowing
multiple sizes of substrate to bind.?® | hypothesize that small molecule blockade of
the cysteine residues in the a helical lid subdomain of Hsp70 modulate lid mobility
and reducing affinity for the MLKL and, or eliminating Hsp70’s ability to enhance
MLKL polymerization (Fig. 3.5G). When bound to substrate, cysteine 574 and 603
are approximately 4.9 Angstroms apart. These cysteines reside in helices C and D.
It is uncertain if these regions would have direct contact with substrate when within
Hsp70 the binding pocket, but the covalent linkage o NBC1 may potentially limit a

helical lid mobility or modulate binding affinity, particularly in a multimeric molecule.
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Structural data of the MLKL polymer bound or unbound to NBC1 would be helpful to

validate this hypothesis. Additional in vivo necroptosis survival analysis of cysteine

mutagenized Hsp70 would also be worthwhile. This may be technically challenging

in neoplastic cell lines as knockdown of Hsp70 results in apoptosis when caspases

are not inihibited and MLKL is destabilized. Alternative strategies using base editing

have been considered but cysteine 574 lacks an appropriate PAM site to direct

currently available base editors. Knockout and stable transfection of a mutagenized

Hsp70 may be more feasible in non-transformed cell lines or primary murine culture,

as Hsp707 mice are viable.
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CHAPTER FOUR
Discussion

Relevance of necroptosis

Necroptosis is a caspase-independent, immunogenic subtype of regulated
cell death. Necroptosis is a fail-safe cell death subroutine that proceeds as an
alternative to apoptosis when caspase activation is inhibited. Some researchers
have hypothesized that this pathway has co-evolved as a pathogen defense
mechanism.'* Many viridae are capable of bypassing apoptosis to avoid host
clearance.® Virally evolved mechanisms of defense are variable. Murine and human
cytomegalovirus (CMV) encode VICA (viral inhibitor of caspase 8) blocking apoptosis
to persist in macrophages and monocytes. Herpes virus and poxvirus encode VFLIP-
like proteins, which share homology with cellular death effector domains such as
FADD and procaspase 8. These too inhibit apoptosis either by preventing FADD
oligomerization or caspase 8 activation.®’ These inhibitory pathways stimulate
RIPK1 driven necroptosis, limiting viral replication and stimulating innate, and
ultimately adaptive, immune responses.
Despite the pro-inflammatory effects of necroptotic death this response is beneficial
to the organism as a whole. lllustrating this point, RIPK3”- mice and RIPK1-D138N
kinase dead knock-in mice have less tissue damage with vaccinia infection but have
higher viral titers. The unchecked viral replication leads to death although the virus

does not kill wild-type mice.2

64
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Pathogens have also evolved mechanisms to hinder necroptosis. Murine

cytomegalovirus M45 protein blocks necroptosis by disturbing the RIPK1 RHIM
domain. When the CMV M45 RHIM interacting domain is mutagenized, CMV fails to
replicate; however, CMV evades this replication failure when host RIPK3 is knocked-
out, suggesting that RIPK3 dependent necroptosis prevents replication.®!! Herpes
simplex virus 1 (HSV-1) is an example with species dichotomy. HSV-1 encodes
ICP6 RHIM interacting protein, which blocks RIPK1/3 interaction and necroptotic cell
death in human cells. Contrarily in murine cells the same protein triggers necrosome
formation, promoting necroptosis.?13 The theory of pathogen-host cell death
adaptive evolution has been challenged as the core components of necroptosis,
RIPK3 and MLKL, are not well conserved among Metazoans.*

RIPK3 and MLKL are present in reptiles, but birds lack RIPK3. Among
mammals, RIPK3 and MLKL are absent in marsupials and order Carnivora, including
Canis familiaris and Felis catus, lacks MLKL. This is unusual because domestic
dogs and cats share many human pathogens and pathogeneses. These distinct
evolutionary patterns may be driven by the detrimental effects of necroptosis in
embryogenesis.? There is an important molecular interplay between the regulated
cell death pathways during development, which seems to depend on caspase-8
level and activity. Deletion of negative regulators of necroptosis in mice (FADD or
caspase 8) leads to embryonic lethality at least in part caused by necroptosis. >’
Exposure in utero to high pathogen levels from the carnivore diet may impart a

survival benefit to species unable to undergo necroptosis.'* Alternatively, a parallel
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cell death pathway may exist in these species. | hope to direct future research efforts

towards defining TNF mediated cell death in carnivores. The biochemical techniques

learned in my graduate studies will be directly applicable.

Hsp70 and the MLKL polymer

My graduate work has resulted in identification of the polymeric form of full
length MLKL and recombinant NTD MLKL by electron microscopy. This result
validated the biochemical data that MLKL forms a structural polymer following
induction of necroptosis and confirmed that the polymer can form from the MLKL
4HB and brace domain in vitro when the inhibitory pseudokinase domain is absent.
Further, | have also identified a novel small molecule inhibitor of necroptosis (NBC1),
which conjugates Hsp70. Hsp70 inhibits necroptosis through its interaction with
MLKL. Hsp70 promotes MLKL oligomerization in vitro and in cell culture and NBC1
inhibits that effect.

The primary role of chaperone proteins is to interact with nascent
polypeptides to accelerate folding, but they are also involved in protein translocation,
translation, and rescue of misfolded and aggregated proteins that occur secondary
to cell stress. In some instances, chaperones remodel mammalian and fungal
proteins into multiprotein complexes or organized, protease resistant fibers or prions,
preventing protein aggregation.8-20 Despite its ambiguous role in prion propagation,
Hsp70 has been labelled the quintessential inhibitor of cell death due to its

maintenance of native and biologically active protein forms.?1?8 This perspective
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calls into question why a molecular chaperone would promote necroptosis. Itis

possible that use of transformed cell lines, which grossly overexpress Hsp70 and
have profoundly modulated cell death programs, have skewed these results.

Previous publications have shown a divergent function for Hsp70 in
necroptosis. 2229 Chemical inhibition of Hsp70’s NBD with the allosteric inhibitor JG-
98 and analogs destabilizes RIPK1 regulators (clAP1/2, XIAP, and cFLIPs.L),
causing apoptosis and, with caspase inhibition, necroptosis. These studies were
conducted in breast cancer cell lines (MDA-MB-231, MCF7, SK-BR-3) and Jurkat
cells; however, variable results were reported in A549 (lung), T47-D (breast), and
HT-29 (colon) cells wherein co-treatment with JG-98, ZVAD-FMK, and the MLKL
inhibitor, NSA did not block cell death. This suggests that an alternate RCD pathway
may be involved in JG-98 mediated cell death in some cell types. Hsp70 has also
found to promote cytotoxicity when complexed with Tag7, a known inhibitor of TNF
activation through TNFR1 binding. The Tag7-Hsp70 complex causes cell death in
tumor cells via permeabilization of lysosomes and mitochondria.3*3? Tag7-Hsp70
complex in L929 cells induced modest cell death that could be blocked by
necrostatin-1, chloroquine, ionol (antioxidant), or excess Tag7.32 Although this was
suggested to be necroptotic cell death, the lysosome and mitochondrial dependence
do not comply with the currently accepted necroptotic pathway, nor has involvement
of RIPK3 or MLKL been documented.3!

Many questions remain regarding the role of the stress response in cell death

and specifically molecular chaperone function stabilizing and destablilizing amyloid-
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like polymers. | hypothesize that Hsp70’s regulation of MLKL polymerization reflects

the basic proteostatic function of chaperone proteins. The in vitro data demonstrate
that Hsp70 promotes MLKL polymerization and this can be inhibited by NBC1. MLKL
polymerization may be a protective mechanism against membrane lysis from the
MLKL monomer or tetrameric forms of MLKL. Determining the exact stoichiometry of
the membrane disruptive MLKL protomers using imaging techniques such as cryo-
electron microscopy will be key in determining exactly how cells die from

necroptosis.
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MATERIALS AND METHODS

General Reagents
Necroptosis blocking compound 1 (NBC1, NSC632841) was obtained from the
National Cancer Institute (NCI)/Division of Cancer Treatment and Diagnosis

(DCTD)/Developmental Therapeutics Program (DTP; http://dtp.cancer.gov). The

Chuo Chen lab performed generation of compound analogues and Biotinylated
compounds. Recombinant human TNFa, and Smac-mimetic were prepared as
previously described (He, 2009). The following reagents and antibodies were
used: ZVAD-FMK (ApexBio), recombinant mouse TNF (BioLegend),
Necrosulfonamide (Millipore), Dimerizer (Clonetech, 635058), Anti-Flag M2
antibody and affinity gel (Sigma), Anti-human MLKL (Genetex, GTX107538),
Anti-mouse MLKL (Aviva Systems Biology, OAAB10571), anti-phospho-MLKL
S358 (Abcam, ab187091), anti-RIPK1 (BD, 551042), anti-LDH (Abcam,
ab53292), anti-Hsp40 (Cell Signaling Technologies, 4868), and anti-Hsc70
(Santa Cruz, 1059, K-19), and monoavidin agarose (Pierce, 20228). Human cell
lines were treated with recombinant human TNF (20ng/mL), Smac-mimetic
(100nm), and ZVAD-FMK (20uM). Mouse endothelial fibroblasts were treated
with recombinant human TNF (2ng/mL), Smac-mimetic (100nm), and ZVAD-FMK
(20uM) and L929 cells were treated with TNF (2ng/mL). HelLa cells stably
transfected with dimerizable MLKL 1-190 were treated with 20nM dimerizer and

20uM ZVAD-FMK. Cell death was standardly evaluated at 20 hours. For
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compound treatment, NBC1 and the negative analog (NA, +/- biotynilation) were

used at 10uM, PES-CIl was used at 5uM, NA, and necrosulfonamide (NSA) was

used at 5uM.

Cell culture and cell lines

HT-29, Hela, L929, and MEFs were cultured in DMEM (high glucose)
supplemented with 10% FBS. All of the stable HeLa cell lines were generated in
the background of the previously reported HeLa-TetR cells that expressed the
Tet repressor (TetR).! For the MLKL-knockout, Tet-inducible GFP-RIPK3, Tet-
inducible MLKL-C-HA-3xFlag, and NTD-DmrB HelLa lines were generated as
previously described.? For all doxycycline (Dox) inducible stable lines, 50ng/mL
Dox was added 24 hours prior to necroptosis induction to induce transgene
expression. Cell lysates were used for Western blotting, SDD-AGE, or

immunoprecipitation.

Small interfering RNA (siRNA) transfection

For siRNA transfection, cells were plated at 2,000 cells per well in 96-well plates
and 100,000 cells per well in 6-well plates 24 hours prior to transfection.
Transfection was carried out as per GenMute (SignaGen) protocol. Briefly, 1x
GenMute Buffer was combined with 5nM (96 well)or 50nM (6 well) siRNA and
incubated with GenMute reagent for 15 minutes at room temperature. Working

solution was added dropwise to wells. Cells were incubated in standard culture
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conditions for 24 to 48 hours prior to treatment. RNA oligos were generated by

Sigma (siHsp40 (ACCCGUCGUAUUCAAAGAUGU), siHSC70
(CCGAACCACUCCAAGCUAU), siHsp70.4 (UGACCAAGAUGAAGGAGAU),
SiHsp70.5(AGAAGAAGGTGCTGGACAA), sIMLKL1-190.1
(GCUAAGAAGAGAUAAUGAA) and siMLKL190.2

(GCUAAUGGGGAGAUAGAA). Knockdown was measured by Western blot.

Non-reducing SDS/PAGE
Non-reducing SDS/PAGE is as standard SDS/PAGE, but sample buffer excludes

2-mercaptoethanol.

Semi-Denaturing Detergent Agarose Gel Electrophoresis (SDD-AGE)
SDD-AGE were performed as described in previously.??2 Briefly, 1% agarose,
Tris-Acetate-EDTA (TAE), 0.1% SDS gel was cast. Cell lysates were loaded with
sample buffer (0.5xTAE, 5% glycerol, 2% SDS, and 0.02% bromophenol blue)
and the gel was run at 4V/cm gel length in IXTAE with 0.1%SDS. The proteins
were transferred to a PVDF membrane with TBS buffer (20mM Tris (pH 7.4) and

150mM NacCl) using capillary transfer, processed by Western blot.

Cell lysates and Immunoprecipitation
Cells were harvested, thrice washed with PBS, and pelleted by centrifugation.

Cell pellets were lysed with 5 volumes lysis buffer (50mM Tris (pH 7.4), 137 mM
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NaCl, mM EDTA, 1% Triton X-100, and 10% glycerol, supplemented with

protease inhibitors), incubated on ice (30 minutes), centrifuged (20,0009 for 12
minutes) and supernatant collected. Lysates (1mg) were incubated with 20uL
anti-Flag or streptavidin agarose beads at 4°C overnight. Beads were washed 5
times with lysis buffer and and eluted with 60uL elution buffer (0.2M glycine,

pH2.8) and immediately neutralized with 10% 1M Tris pH 7.4.

Cell Death Assays

(i) The CellTiter-Glo assay (Promega) was performed according to
manufacturer’s instruction. Luminescence was measured with a Synergy 2
machine (BioTek). (ii) For image based analysis, cells were stained with SYTOX
1uM or propidium iodide 1uM and 10ug/mL DAPI at room temperature for 10
minutes and imaged with a Cytation3 machine (BioTek). Percentage of cell death

was calculated by dividing SYTOX or PI positive cells by DAPI positive cells.

Recombinant Protein Purification

Complementary DNA (cDNA) encoding full length human HSPA1A and HSPAS8
were cloned into pET21b vector. Cysteine mutants were generated by site-
directed mutagenesis. His-fusion proteins were purified from BL21 Escherichia
coli cells with Nickel beads. Purified recombinant proteins were eluted with Buffer

T/250mM imidazole and dialyzed against PBS buffer.
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MLKL Polymerization

Recombinant NTD-MLKL was generated as previously described.® Recombinant
NTD-MLKL (5nM or 200nM) was incubated with or without recombinant Hsc70
(350nM) and Hsp70 (175nM or 350nM), Hsp70 truncations or cysteine mutants

(350nM) at 23°C in PBS buffer for 1 or 3 hours as indicated.

In vitro compound conjugation assay
Recombinant Hsp70, Hsp70 truncations or cysteine mutants (350nM) were

incubated with 0.5 uM B-NBC1 or B-NA at 4°C in PBS buffer for 16 hours.

Mass Spectrometry-Liquid Chromatography (MS-LC).

MS-LC was performed as previously described.® Briefly, the protein band of
interest was excised, destained, and reduced followed by in-gel trypsin digestion.
The peptides were extracted and analyzed by QSTAR XL mass spectrometer

(AB Sciex, CA, USA).

RNA isolation, cDNA generation, and qPCR

Total RNA was isolated from NTD-DmrB cells with Direct-zol™ RNA Kits (Zymo
Research). cDNA was synthesized using iScript cDNA synthesis kit (BioRad,
1708891) using 1 ug RNA. Gene expression was assessed using standard gPCR
approaches with iTag™ universal SYBR® Green supermix (172-5124). Analysis

was performed on CFX Connect™ Real-Time PCR Detection System (BioRad).
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The 222¢t method was used to analyze the relative change in gene expression

normalized to actin. The following primers were used for gPCR:
Hsp70-F, 5-AGGACATCAGCCAGAACAAG-3’;

Hsp70-R, 5-CTGGTGATGGACGTGTAGAAG-3,
NTD-MLKL-F, 5’- CCCTCTGAGAAGTTAACCACAG-3’;

NTD-MLKL-R, 5’- GTCCTGGCTTGCTGTTAGAA-3'.

In vitro metabolic stability assay

NBC1 (2mM in DMSO) was incubated with Murine S9 (Lot KWB) fraction and
Phase | (NADPH Regenerating System) cofactors for 0-240 minutes. Reactions
were quenched with 1 mL (1:1) of methanol containing 0.2% formic acid and 100
ng/ml IS (IS final conc. = 50 ng/ml). Samples were vortexed for 15 seconds,
incubated at RT for 10 minutes and spun for 5 minutes at 2400 rpm.
Supernatant (1 mL) was then transferred to an eppendorf tube and spun in a
table top, chilled centrifuge for 5 minutes at 13.2K rpm. Supernatant (800 uL)
was transferred to an HPLC vial (w/out insert). Analyzed by Qtrap 4000 mass

spectrometer (AB SCIEX).

Negative stain electron microscopy. Two hundred mesh carbon/formvar-
coated copper grids were rendered hydrophilic by glow-discharge in air. Protein
sample (5 yL) was applied to the grid and incubated for 30 s. After wicking, the

samples were stained with 5 pL of 1% uranyl acetate for 1 min, wicked, and air
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dried for a minimum of 15 min. Images were obtained on a FEI Tecnai G2 Spirit

electron microscope.

Immunogold electron microscopy. Post-embedding immunolabeling targeted
at mouse secondary antibody. Fixation in paraformaldehyde/glutaraldehye
mixture followed by gentle dehydration, embedding in water miscible acrylic resin
(LR Gold), and labeling of ultrathin sections. Images were obtained on a FEI

Tecnai G2 Spirit electron microscope.

Statistical analysis
Statistical analyses was performed with Excel: Student’s t-test was used to
determine significance in cell death, p<0.05 will be used to determine significant

differences in cell death. Data is presented as mean +/- SD.
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