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ABSTRACT

The pseudokinase, MLKL (mixed lineage kinase domain-like), has recently emerged as a
critical component of the necroptosis cell death pathway. While it is clear that
phosphorylation of the activation loop in the MLKL pseudokinase domain by the upstream
protein kinase, RIPK3 (receptor interacting protein kinase-3), is crucial to trigger MLKL
activation, it has remained unclear whether other phosphorylation events modulate MLKL
function. By reconstituting Milkl”, Ripk3” and MIkl"Ripk3” cells with MLKL phospho-site
mutants, we compared the function of known MLKL phosphorylation sites in regulating
necroptosis with three phospho-sites that we identified by mass spectrometry, S158, S228 and
S248. Expression of a phospho-mimetic S345D MLKL activation loop mutant induced
stimulus-independent cell death in all knockout cells, demonstrating that RIPK3
phosphorylation of the activation loop of MLKL is sufficient to induce cell death. Cell death
was also induced by S228A, S228E and S158A MLKL mutants in the absence of death
stimuli, but was most profound in MIklI"Ripk3” double knockout fibroblasts. These data
reveal a potential role for RIPK3 as a suppressor of MLKL activation and indicate that
phosphorylation can fine-tune the ability of MLKL to induce necroptosis.

INTRODUCTION

Necroptosis is a form of cell death that occurs downstream of TNF (Tumour Necrosis Factor)
receptor 1 or TLR (Toll-Like Receptor) activation, which is complementary to apoptosis, the
prototypical cell death pathway [1]. Unlike apoptosis, which is considered to be
immunologically inert, necroptosis is widely thought to elicit inflammatory responses [2-8]
and, consequently, has been implicated in the pathogenesis of many diseases, including sepsis,
arthritis and pancreatitis [9-11]. Details of the necroptosis pathway are still emerging, with
only the protein kinase, receptor interacting protein kinase 3 (RIPK3) [10, 12-14], and the
pseudokinase, mixed lineage kinase domain-like (MLKL) [9, 15-17], known to be obligate
effectors of the pathway downstream of TNF receptor activation. Necroptotic cell death arises
following RIPK3 activation by autophosphorylation and RIPK3-mediated phosphorylation of
the pseudokinase domain of MLKL [15-17]. Based on our earlier structural and biochemical
analyses, we proposed a molecular switch mechanism [17-19], whereby phosphorylation of
the MLKL pseudokinase domain induces a conformational change that leads to unleashing of
the N-terminal four-helix bundle (4HB) domain of MLKL [20], which has been shown by us
and others to be the executioner domain [20-22]. The precise details of how the MLKL 4HB
domain induces cell death are currently a matter of debate [20-24], but it appears that
membrane translocation and oligomerization of MLKL are essential to induction of cell death.

We and others have previously established that RIPK3 phosphorylates the activation
loop of the MLKL pseudokinase domain to trigger cell death [15, 17, 25]. Earlier work
identified S345, S347 and T349 in the mouse MLKL activation loop as sites of RIPK3-
mediated phosphorylation, and expression of the phosphomimetic mutant, S345D, was
sufficient to induce cell death in cultured fibroblasts [17]. Another site in human MLKL,
corresponding to mouse MLKL S124, was phosphorylated in a cell cycle-dependent manner
during the G1- to M-phase transition [26, 27]. Here, we used mass spectrometry to identify
three further sites of phosphorylation in MLKL: S158, S228 and S248. We examined the role
of phosphorylation at each of these five sites in regulating necroptotic death by expressing
phosphoablating (Ala) or phosphomimetic (Asp/Glu) mutants in wild-type, Mkl and
previously-unreported Ripk3”Mikl” dermal fibroblasts. Our findings support the idea that
RIPK3 can potently induce necroptosis via phosphorylation of the MLKL activation loop



residue, S345. Remarkably, the presence of endogenous RIPK3 dampened the capacity of
MLKL bearing Glu or Ala substitutions at S228 to induce stimulus-independent cell death.
While stimulus-independent cell death arising from mutations of MLKL S228 indicate this
site is intrinsically involved in MLKL activation, it is notable that S228 resides at the interface
with RIPK3 in the earlier reported complex structure between the MLKL pseudokinase
domain and RIPK3 kinase domain [28], suggesting this structure may represent a snapshot of
RIPK3-mediated suppression of MLKL. Surprisingly, mutation of MLKL S158 to Ala, but not
the phosphomimetic Asp, led to stimulus-independent cell death, raising the possibility that
S158 phosphorylation might negatively regulate MLKL activity. Further, MLKL mutants that
induced death of Ripk3”MiIkl” fibroblasts in the absence of stimuli were found to translocate
to membranes and assemble into high molecular weight complexes by Blue-Native PAGE,
demonstrating that RIPK3 is dispensable for events downstream of MLKL phosphorylation.
Collectively, these results support the idea that phosphorylation of MLKL at different sites
can tune its activity, but that none of these events activates the cell death function of MLKL as
potently as RIPK3-mediated activation loop phosphorylation.

EXPERIMENTAL

Expression constructs

A synthetic mouse MLKL cDNA encoding residues 1-464 (DNA2.0, CA) was used as a
template for oligonucleotide-directed PCR mutagenesis. All oligonucleotides were
synthesised by IDT (Singapore or Coralville, [A). Mutant transcripts were restriction digested
and ligated into the doxycycline-inducible, puromycin-selectable vector, pF TRE3G PGK
puro and insert sequences verified by sequencing (Micromon DNA Sequencing Facility, VIC,
Australia), as described previously [17, 20]. From these expression constructs, lentiviral
particles were generated in HEK293T cells as described previously, where vector DNA was
co-transfected with pVSVg and pCMV ARS.2 helper plasmids [17, 20].

Western blot antibodies

Antibodies used for Western blotting were: the rat anti-MLKL 3H1 monoclonal (available as
MABC604, EMD Millipore), which detected both mouse and human MLKL; anti-phospho
human MLKL (ab187091, Abcam); rabbit anti VDAC1 (AB10527, Millipore); rabbit anti
GAPDH (2118, Cell Signalling Technology); rabbit anti-mouse RIPK3 (PSC-2283-c100,
Axxora); mouse anti Actin (A-1987, Sigma).

Cell lines and cell death assays

U937 and HT29 cells were cultured in human tonicity RPMI medium supplemented with 8-
10% v/v fetal calf serum (FCS). Cell death assays were carried out in 12 well plates, seeded at
1 x 10° cells per well. Cells were treated for the time periods indicated with TNF (100
ng/mL), Smac-mimetic (500 nM) and Q-VD-OPh (10 puM), then harvested, stained with
propidium iodide (PI; 1 pg/mL) and quantified using a BD FACSCalibur flow cytometer. In
parallel experiments, cells were lysed in SDS-PAGE loading buffer (126 mM Tris-HCI pH 8,
20% v/v glycerol, 4% w/v SDS, 0.02% w/v Bromophenol blue, 5% v/v 2-mercaptoethanol)
and immunoblotted for phosphorylated MLKL, total MLKL and Actin.

The isolation and immortalization of mouse dermal fibroblasts (MDFs) from the
dermis of three MIkl” and three congenic wild-type mice to generate three biologically
independent cell lines were described previously [17]. Analogously, we prepared MDFs from
the dermis of three Ripk3”MIkl" mice and immortalized these cells by SV40 large T antigen
expression. The Ripk3”MIkl" mouse strain was generated by intercrossing Ripk3” [29]
(kindly provided by Dr Vishva Dixit) and MIkl” [17] mouse strains, both of which are



maintained on a C57BL/6 genetic background. Haematopoietic analyses were performed as
before [17]; blood from 8-12 week old mice was collected into tubes containing EDTA
(Sarstedt) and analysed with an Advia 120 analyzer (Bayer). MDFs and HEK293T were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 8-10 % v/v
FCS, and puromycin (5 pg/mL) for lines stably transduced with MLKL expression constructs.
Cell death assays were carried out in 24 well plates, seeded at 5 x 10* cells per well. Cells
attached over 4 hours in the presence of 10 ng/mL doxycycline were either untreated or
treated with TNF and Smac mimetic, or the TNF, Smac-mimetic and Q-VD-OPh cocktail, as
for U937 cells above. Quantitation of cell death was performed as for U937 cells, but 24
hours post-stimulation.

Statistical analyses
Error bars represent Mean = SEM of specified number of independent and/or biological
repeats, not technical replicates.

Fractionation and Blue Native PAGE

Fractionation of cells into cytoplasmic and membrane fractions was performed as described
previously [20]. Briefly, wild-type U937 or MDF cells were stimulated with TSQ, or MDFs
stably transduced with mutant MLKL constructs were induced with 10 ng/mL doxycycline for
7.5 hours, before cells were harvested and permeabilized in buffer (20 mM HEPES pH 7.5,
100 mM KCI, 2.5 mM MgCl,, and 100 mM sucrose) containing 0.025% digitonin
(BIOSYNTH, Staad, Switzerland), 2 uM N-ethyl maleimide, phosphatase and protease
inhibitors. Crude membrane and cytoplasmic fractions were separated by centrifugation (5
min at 11000 g), and the respective fractions prepared in buffers to a final concentration of
1% w/v digitonin. Samples were resolved on a 4-16% Bis-Tris Native PAGE gel, transferred
to PVDF for Western blot analyses.

Mass spectrometry and data analysis

Recombinant GST-mRIPK3 (residues 2-353; 1 pg) was incubated for 90 min at 20°C with
recombinant mouse MLKL pseudokinase domain (residues 179-464; 5 pg) in kinase reaction
buffer (100 mM NaCl, 20 mM Tris pH 8, 4 mM MgCl,, 0.1 mM DTT, 0.1 mg/mL BSA)
supplemented with ImM ATP. Both GST-mRIPK3 and mMLKL(179-464) were expressed
and purified from Sf21 insect cells according to established procedures [17, 25]. Reactions
were terminated by addition of reducing loading buffer and boiling for 5 min, before
resolution by 4-20% Tris-Glycine SDS-PAGE (Biorad). Following staining with SYPRO
Ruby, MLKL(179-464) bands were excised, in-gel reduced, alkylated and trypsin digested,
before analysis by nanoflow reversed-phase liquid chromatography tandem mass
spectrometry (LC-MS/MS) on a nanoAcquity system (Waters, Milford, MA, USA) coupled
either to a LTQ XL Orbitrap or a Q-Exactive mass spectrometer equipped with a
nanoelectrospray ion source for automated MS/MS (Thermo Fisher Scientific, Bremen,
Germany), as described previously [20].

25 x 10° stably transduced wild-type MDF cells were induced to express exogenous
wild-type MLKL bearing a C-terminal Strepll tag for 4 hours with 10 ng/mL doxycycline.
Notably, we observed that C-terminal fusion of wild-type full length MLKL to a Strepll tag
led to stimulus-independent death (unpublished observations). Cells were lysed in 5 mL ice-
cold DISC buffer [30], debris eliminated by centrifugation and supernatant incubated with
StrepTactin resin (1 mg) for 1 hour with rotation at 4°C. Beads were washed four times with
DISC buffer before elution with three treatments of 50 pulL 5 mM biotin. Eluates were
processed with trypsin using the filter-aided sample preparation (FASP) protocol, as per
published procedures [31], before sample processing and acquisition of mass spectra as



described above. Raw files consisting of high- and low-resolution MS/MS spectra were
processed with MaxQuant (version 1.5.2.8) for feature detection and protein identification
using the Andromeda search engine [32]. Extracted peak lists were searched against the
UniProtKB/Swiss-Prot Mus musculus database and a separate reverse decoy database to
empirically assess the false discovery rate (FDR) using strict trypsin specificity allowing up to
3 missed cleavages. The minimum required peptide length was set to 6 amino acids.
Carbamidomethylation of Cys was set as a fixed modification, while N-acetylation of
proteins, oxidation of Met, the addition of pyroglutamate (at N-termini Glu and Gln),
phosphorylation (Ser, Thr and Tyr), deamidation (Asn, Gln and Arg), were set as variable
modifications. The mass tolerance for precursor ions was set at 5 ppm and fragment ions 10
ppm and 0.5 Da (Q-Exactive and Orbitrap XL respectively).

RESULTS

MLKL activation loop phosphorylation and membrane localization precedes cell death
In order to investigate the relationship between MLKL phosphorylation, its membrane
association and cell death, we examined necroptosis in the human histiocytic lymphoma cell
line, U937. We chose to monitor MLKL phosphorylation, death and membrane translocation
using human cells, because, until very recently, only phospho-human MLKL antibodies were
commercially available [23]. The 3HI total MLKL antibody that we previously described
[17], on the other hand, readily detected both human and mouse MLKL (Figure 1A and C).
We induced necroptosis in U937 cells using conventional necroptotic stimuli: tumour necrosis
factor (TNF; T), to activate TNF receptor 1 signalling; the Smac-mimetic, Compound A (S),
to inhibit cIAP-mediated ubiquitylation of RIPK1 and allow its participation in cell death
pathways; and the pan-caspase inhibitor, Q-VD-OPh (Q), to inhibit caspase-driven apoptotic
signalling. We readily detected MLKL phosphorylation at T357/S158 6 hours following TSQ
stimulation in U937 cells (Figure 1A). Phosphorylated MLKL was still present 24 hours after
stimulation although, owing to cell death induced by TSQ, total protein levels and
correspondingly, MLKL levels, were reduced. In parallel, we monitored cell death by
measuring uptake of the DNA-binding dye, propidium iodide (PI), by flow cytometry. The
majority of cell death occurred within 24 hours, but very little cell death was observed at 3, 6
and 10 hours (Figure 1B). This was surprising because MLKL phosphorylation was readily
and reproducibly observed by 6 hours post-TSQ stimulation (Figure 1A). This delay was not
unique to U937 cells, because we observed the same discrepancy between phosphorylation
onset and detectable cell death in another human cell line commonly used for necroptosis
studies, HT29 (Figure 1C and D).

This led us to examine whether phosphorylated MLKL immediately translocated to
the plasma membrane or whether a delay in phospho-MLKL membrane translocation
accounted for the lag in cell death. We therefore fractionated cells into cytoplasmic and total
membrane preparations, before resolving proteins by Blue-Native PAGE and examining the
localization of MLKL by Western blot (Figure 1E). MLKL translocation and incorporation
into high molecular complexes in the membrane fraction was coincident with phosphorylation
of its activation loop rather than cell death. These data are consistent with the idea that
activation loop phosphorylation is not the sole cue for MLKL to mediate cell death, but rather
that other modifications or signalling events are required. Coupled with a broader interest in
understanding how MLKL activity can be tuned by phosphorylation, we proceeded to
examine whether other phosphorylation events extraneous to the activation loop contribute to
MLKL-mediated cell death.



Identification of three phosphorylation sites in mouse MLKL by mass spectrometry

We sought to identify phosphorylation sites, in addition to the previously reported activation
loop residues in mouse MLKL (S345, S347, T349) [17, 28] that might contribute to regulation
of its necroptotic function. We focused on identifying phosphorylation sites in mouse MLKL,
because we have previously established a cellular system that allows reconstitution of Mlki-
deficient cells with mutant constructs to assess their functions [17, 20]. We used recombinant
mouse RIPK3 kinase domain to phosphorylate mouse MLKL pseudokinase domain in vitro.
In addition to the previously described phosphorylation sites in the activation loop [17], we
identified the phosphorylated residues S228 and S248 by mass spectrometry (Figure 2B and
C). S228 is located in the N-lobe and S248 in the hinge region of the pseudokinase domain
(Figure 2A).

In a complementary experiment, we stably-transduced wild-type mouse dermal
fibroblast (MDF) cells with a C-terminally Strepll-tagged murine MLKL construct, which we
found induced cell death in the absence of additional stimuli. Following induction of protein
expression by addition of 10 ng/mL doxycycline for 4 hours, cells were lysed and Strepll-
tagged MLKL enriched with StrepTactin resin. The biotin eluate was processed with trypsin
using the FASP protocol, and the resultant peptide sample analysed using high resolution
mass spectrometry. This experiment enabled us to identify S158 (Figure 2D), a residue
located in the second of the two “brace” helices that connect the 4HB and pseudokinase
domains of mouse MLKL (Figure 2A), as a site of MLKL phosphorylation. Notably, no other
phosphorylated residues in MLKL were identified in this preparation, and S158 was not
detectably phosphorylated by mass spectrometry in experiments in which recombinant MLKL
was phosphorylated by RIPK3.

Differential effects of phosphomimetic and phosphoablating mutations on necroptosis
induction by MLKL

To analyse the impact on necroptotic activity of phosphorylation at individual serine
residues within MLKL, we generated doxycycline-inducible expression constructs of murine
MLKL with mutations that mimic (negatively-charged Asp or Glu residues), or prevent (Ala),
serine phosphorylation. In addition to the newly discovered S158, S228 and S248
phosphosites, we mutated previously reported phosphorylated residues, S345 and S124, for
comparison. Our earlier work established that substitution of S345 in the MLKL pseudokinase
domain activation loop with the phosphomimetic, Asp, potently induced necroptosis [17]. In
contrast, phosphorylation of S125 in the 4HB domain of human MLKL was previously
reported to occur in a cell cycle dependent manner [26, 27], but how this impacts MLKL
function has not been assessed. Here, we prepared phosphomimetic (Glu) or phosphoablating
(Ala) mutations of the orthologous residue in mouse MLKL, S124, to examine its function in
necroptosis signalling.

Wild-type and MIkI” MDF cells were stably-transduced with lentiviruses encoding
doxycycline-inducible MLKL constructs, were either induced or not, then left untreated (UT)
or stimulated with apoptotic (TS) or necroptotic (TSQ) stimuli for 24 hours before cell death
was detected by propidium iodide-staining and quantified by flow cytometry. Expression of
MLKL mutants in wild-type cells, with endogenous MLKL, allowed us to determine whether
the mutants affected endogenous necroptosis signalling, whereas expression in MIkl” cells
allowed us to examine whether these MLKL mutants were able to reconstitute the necroptosis
pathway. Only modest levels of cell death (20-25%) were observed in three biologically
independent control wild-type and MIkI” MDF cell lines expressing exogenous wild-type
MLKL unless they were stimulated with either TS or TSQ (Figure 3A). In contrast, but
consistent with our earlier report [17], expression of S345D MLKL in wild-type MDF cells
induced profound cell death (~70%) in the absence of any other treatment (Figure 3B).



Using the same approach, we tested whether our phosphosite Ala and Glu/Asp MLKL
mutants induced cell death in the absence of any stimulus, as well as in the presence of
apoptosis (TS) and necroptosis (TSQ) stimuli. All mutants were expressed at similar levels in
three biologically independent wild type and MLKL knock-out MDF cell lines and to the
same levels as wild type MLKL (Supplementary Figure 1). This indicated that mutation of
these residues did not affect MLKL folding or stability. Notably, all mutants, except S248E
MLKL, restored the susceptibility of Mlkl” cells to TSQ-induced necroptosis to the same
levels as wild type MLKL (Figure 3F). Expression of either S228A, S248A or S124A MLKL
induced only modest death when expressed in wild-type and MIkI” cells in the absence of
death stimuli (Figure 3C, E and G), and this was only marginally more death than that
observed in control cells reconstituted with wild-type MLKL (Figure 3A). In contrast,
phosphomimetic Asp/Glu substitutions of these residues had varying effects. Expression of
S228E MLKL, in the absence of other stimuli, induced ~40% cell death in either wild-type or
MIkl” cells (Figure 3D), while S248E (Figure 3F) and S124E MLKL (Figure 3H) induced
minimal death, comparable to wild-type MLKL (Figure 3A). Interestingly, expression of
S158A MLKL was a relatively potent inducer of cell death in the absence of other stimuli in
both wild-type and MIkl” cells with ~50% death observed (Figure 3I). In comparison,
expression of S158D MLKL induced modest cell death in both wild-type and MIkl” cells in
the absence of death stimuli (Figure 3J), comparable to that observed in cells expressing wild-
type MLKL (Figure 3A).

Activated MLKL mutants cause necroptosis in the absence of RIPK3 and MLKL

RIPK3 has been reported to directly engage MLKL and mediate its recruitment to the
necrosome following induction of necroptosis [15, 16]. RIPK3-mediated phosphorylation of
MLKL at S345 in the pseudokinase domain activation loop has been assumed to be the
crucial, and sufficient, step to trigger MLKL activation. MLKL phosphorylation is presumed
to induce translocation to biological membranes and consequent cell death. However, it is
currently unclear whether RIPK3 might regulate MLKL in other ways besides mediating its
phosphorylation. To investigate this, we expressed our collection of mutant MLKL constructs
in fibroblast cell lines derived from the dermis of Ripk3”Mikl” mice. The Ripk3”MIkl” mice
resembled Ripk3” and MIkI” single knockout mice, which were similarly viable and fertile,
with no overt pathology under stress-free conditions. Haematological analyses of 8-12 week
old Ripk3"MIkl"" animals revealed no significant abnormalities in their blood cell populations
relative to wild-type, MIkl~ and Ripk3” animals (Supplementary Table 1), except for a
statistically significant decrease (P<0.05) in circulating monocytes relative to Mkl mice and
statistically significant (P<0.05) increases in lymphocytes and eosinophils in male mice
relative to their MIkl”~ and Ripk3” counterparts, respectively. We confirmed the absence of
MLKL and RIPK3 in these cells by Western blot of whole cell lysates (Figure 4A). As
expected, Ripk3”Mikl” MDFs were, like Ripk3” and MIkl" cells, completely protected from
TSQ-induced necroptosis (Figure 4B) and expression of wild-type MLKL in the Ripk3"MIkl"
MDFs failed to restore susceptibility to TSQ-induced necroptosis (Figure 4C). However,
expression of S345D MLKL, a mutation that mimics phosphorylation of the MLKL activation
loop by RIPK3, was sufficient to induce cell death in the absence of any stimulus (Figure 4D).
These observations support the hypothesis that phosphorylation of the MLKL activation loop
is the principal function of RIPK3 in necroptosis signalling.

We sought to establish the functions of other MLKL phosphosites in the absence of
endogenous RIPK3 and MLKL by expressing MLKL mutants bearing Ala and Glu/Asp
substitutions at S124, S158, S228 and S248 to ablate or mimic phosphorylation, respectively
(Figure 4E-L). Interestingly, expression of the MLKL Ala mutants in double knockout cells
induced measurable cell death, markedly higher than that observed when the same mutants



were expressed in wild-type or Mlkl” cells (Figure 3). S228A and S158A MLKL induced
~60% cell death, and S248A and S124A MLKL ~40%, when expressed in Ripk3”Mikl”
MDFs. In contrast, mirroring our observations in wild-type and MIkI” MDFs (Figure 3),
S248E, S124E and S158D MLKL, each had negligible impact on Ripk3"MIkl" cell viability
(Figure 4F, H, J, L). S228E MLKL, on the other hand, potently induced death of
Ripk3”MIkl~ cells, with ~70% death observed (Figure 4F). This level of death was higher
than when expressed in wild-type (~50% death) or MIkl” (~40% death) MDF cells (Figure
3D). Because these residues were phosphorylated by RIPK3 in vitro, the elevated death
observed when the S228A and S228E MLKL mutants were expressed in Ripk3”MIkl” cells
suggests a potential role for RIPK3 in suppressing activation of these mutants in wild-type
and MIkl" cells.

Activated MLKL mutants assemble into membrane bound oligomers in the absence of
necroptotic stimulation

Upon activation, MLKL translocates from the cytoplasm to biological membranes where it is
incorporated into the high molecular weight complexes that mediate cell death [20-24]. As
shown previously ([20] and Figure 1E), incorporation of MLKL into these high molecular
weight complexes can be monitored by Blue-Native PAGE. Here, we compared the
membrane translocation of endogenous MLKL in wild-type MDF cells treated with TSQ with
that of the induced expression of activated S345D MLKL in wild-type, MIkl” and Ripk3"
MIkI" cells (Figure 5A). In untreated wild-type cells, MLKL was exclusively cytoplasmic and
ran at a position in a Blue-Native gel between the 66 and 146 kDa molecular weight markers
(Figure 5A). As expected, TSQ-treatment of wild-type MDF cells led to membrane
translocation and assembly into higher molecular weight complexes (~480 kDa, [20]). In
contrast, in each of the wild-type, MIkl”~ and Ripk3”MIkl” cells, a fraction of activated S345D
MLKL mutant was present in the membrane compartment as a higher molecular weight form
within 7.5 hours of induced expression and in the absence of a necroptotic stimulus (Figure
5A). A similar phenomenon was observed upon expression of the activated MLKL mutants
identified in this study, S228A, S228E, S158A, and to a lesser extent, S248A, in Ripk3”MIkl"
MDF cells (Figure 5B,C). We observed translocation of the activated MLKL mutants from the
cytoplasm to form a high molecular weight complex in the membrane fraction. Notably, this
high molecular weight complex was not observed in cells expressing the S124E and S248E
MLKL mutants (Figure 5B,C), consistent with the negligible cell death induced by these
mutants. Surprisingly, S158D and S124A MLKL, two mutants that induced only negligible
cell death, translocated to the membrane fraction and assembled into high molecular
complexes (Figure 5C), suggesting that mutation of these residues promotes membrane
translocation but perturbs some downstream signalling event necessary to induce necroptosis.
Overall, these data indicate that formation of a RIPK3:MLKL complex is not required to
mediate membrane translocation.

DISCUSSION

Because of its essential role in signalling for necroptotic cell death, the precise choreography
of MLKL activation is of immense interest. To date, only RIPK3-mediated phosphorylation of
residues in the activation loop of MLKL’s pseudokinase domain has been established as an
essential step in the induction of necroptosis [15, 17, 23, 33] and it is believed that this results
in a conformational change in MLKL that is sufficient to unleash the membrane
permeabilising function of the MLKL 4-Helical Bundle (4HB) [20]. Consistent with this
model of MLKL activation, expression of a phosphomimetic S345D mutant MLKL in MLKL
deficient cells induced necroptosis [17], and Rodriguez et al. [33] concluded that RIPK3-



mediated phosphorylation of MLKL at S345 was the key step in MLKL activation, while
phosphorylation of the neighbouring, S347 and T349, played only auxiliary or negligible
roles, respectively, in necroptotic death. We were surprised therefore to observe that
phosphorylation of the activation loop preceded cell death by several hours. This suggested
that additional points of regulation of MLKL’s killing activity exist. We hypothesised that
phosphorylation at other sites in MLKL might regulate its activation and subsequent
necroptosis. We therefore identified additional residues in MLKL that were phosphorylated
and generated Glu/Asp (phospho-mimetic) or Ala (phospho-ablating) mutants of these and
tested their ability to induce cell death on their own or following a necroptosis stimulus. Of
the four additional sites S124 is the mouse counterpart of a known human MLKL
phosphosite, and S158, S228 and S248 were phosphosites identified by mass spectrometry in
this study. Like S345, S228 and S248 were identified as sites in MLKL that are subject to
RIPK3-mediated phosphorylation, while S124 and S158 were not phosphorylated by RIPK3
in vitro and the identities of the responsible kinases are unknown.

While the functions of MLKL S124, S158, S228 and S248 phosphorylation were
unknown, it has been shown that the phospho-mimetic mutation, S345D can cause MLKL
activation and constitutive cell death in the absence of stimuli [17]. However it was unknown
whether RIPK3 contributed to MLKL induced necroptosis in another way, for example as a
co-factor for membrane translocation. The fact that expression of S345D MLKL induced cell
death, in Ripk3”MIikl” MDFs strongly supports the hypothesis that phosphorylation of the
MLKL pseudokinase domain activation loop is the essential and sufficient step in MLKL
activation required to cause necroptosis. This conclusion is supported by Rodriguez et al.
[33], who observed RIPK3-independent membrane translocation and cell death in MEFs
expressing S345D MLKL.

Of the other four MLKL phosphorylation sites examined in our study, only the S228E
phosphomimetic mutation induced measurable cell death in the absence of stimuli when
expressed in wild-type, Mlkl” and Ripk3”MIikl" cells. S228E MLKL induced pronounced
death of wild-type (~50% death) and MIkl” MDFs (~40% death), which was exacerbated in
Ripk3”MIkl- MDFs (~70% death) to a level of death comparable to S345D MLKL. Thus the
S228E mutation activated MLKL-mediated cell death and this effect was dampened in cells
expressing endogenous RIPK3. S228 resides adjacent to helix aC in the N-lobe of the MLKL
pseudokinase domain (Figure 2A) and, based on the co-crystal structure of the mouse MLKL
pseudokinase and RIPK3 kinase domains [28], it has previously been proposed to form part of
an interaction interface with RIPK3. Our observations led us to hypothesize that the face-to-
face interaction of the RIPK3 kinase domain with the MLKL pseudokinase domain observed
in the MLKL:RIPK3 co-crystal structure might have captured a snapshot of an unappreciated
function of RIPK3 as a suppressor of MLKL activation. It is, however, also plausible that
mutation of S228 could affect the structure of the proximal MLKL activation loop, and in so
doing may trigger the molecular switch mechanism to unleash the executioner four-helix
bundle domain. Notably, S228 A MLKL induced negligible cell death in MIkI” MDFs. In
contrast, expression of S228 A MLKL in Ripk3”MIkl"- MDFs led to ~60% cell death. Together
these data imply that modification of S228 intrinsically activates cell death unless RIPK3 is
present to act as a suppressor, either directly or indirectly. It is also noteworthy that Ala
mutants of S124 and S248 induced ~40% death in Ripk3”MIikl” MDFs and, like S228A
MLKL, induced negligible death in Mkl MDFs. These results suggest that RIPK3 helps
suppress MLKL auto-activation, although the underlying mechanism is presently unclear.

Another surprising observation was that mutation of S158, a residue located in the
second of the brace helices that connects the 4HB and pseudokinase domains (Figure 2A),
induced cell death in wild-type, MIkl” and Ripk3’ Mikl” cells when mutated to Ala, a
phospho-ablating mutation, while a phospho-mimetic mutant did not activate MLKL in the



same manner. While we cannot exclude the possibility that Ala mutation leads to auto-
activation of MLKL because of disruption of suppressive interaction(s) with the MLKL
pseudokinase domain or other unidentified regulatory proteins, these data suggest that
phosphorylation of S158 may serve a role in suppressing MLKL activation. S158 is conserved
in the mouse, rat, horse, cow and platypus MLKL sequences, with proximal sites present in
primate sequences that are homologous to human MLKL S161. We anticipate future studies
will illuminate whether the proximal site in human MLKL is subject to regulation by
phosphorylation and whether this serves a suppressive function in MLKL activation. Based on
the fact that we did not observe RIPK3-mediated phosphorylation of S158 in vitro, it is likely
that a kinase other than RIPK3 is responsible for this modification in cells.

RIPK3 has been reported to directly bind and recruit MLKL to the necrosome where it
can be activated by phosphorylation [15, 16], although we have been unable to observe such
an interaction between the endogenous proteins [17]. Therefore it is possible that RIPK3 has
additional roles beyond activating MLKL via phosphorylation, for example, by directly
contributing to membrane translocation of MLKL. To address this possibility we examined
the cellular localization and oligomerization of MLKL mutants expressed in Ripk3“Mikl"
MDFs (Figure 4). Mutants that killed Ripk3~MIkl”- MDFs (S345D, S158A, S228A, S228E
and to a lesser extent S248A) translocated to membrane fractions and assembled into high
molecular species, while those that did not kill cells (S124E and S248E) did not, as
anticipated. Unexpectedly, S124A and S158D MLKL, two mutants that did not constitutively
kill Ripk3"MIkl” MDFs, translocated to membrane fractions and assembled into high
molecular weight complexes (Figure 5). This finding suggests that the S124A and S158D
mutations promote membrane translocation and MLKL oligomerisation, but additional
downstream signalling events are required for necroptosis to occur. Additionally, our
observations in cells lacking RIPK3 indicate that the principal function of RIPK3 is to
phosphorylate MLKL, whether or not this involves recruitment to the necrosome, and that it is
dispensable for membrane translocation subsequent to MLKL activation. It remains of
enormous interest to deduce why there is disconnection in the kinetics of MLKL
phosphorylation/membrane localization and the initiation of cell death (Figure 1). Our
analysis of the roles of different MLKL phosphosites using phosphomimetic and
phosphoablating mutants is suggestive that phosphorylation at S158 and S228 may
respectively suppress and enhance MLKL activation to tune the response of a cell to a
necroptotic stimulus. While highly suggestive, further validation of this hypothesis in cells
will rely on future development of phosphospecific antibodies that detect these
phosphorylation events. Furthermore, while phosphorylation events on MLKL are likely to
tune its activation potential, the findings presented here do not preclude the possibility that
additional effectors are required downstream of MLKL activation to induce cell death, with a
number of candidates already proposed in various cellular settings [22, 24].
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FIGURE LEGENDS

Figure 1: Cell death occurs much later than MLKL activation loop phosphorylation
following TSQ stimulation.

U937 (A) and HT29 (C) were left untreated or treated with TSQ (100 ng/ml TNF, 500 nM
Smac-mimetic, 10 puM Q-VD-OPh) for 3, 6, 10, 24, 48 hours. Phosphorylated MLKL and
total MLKL levels were determined by immunoblotting, and the actin immunoblot served as a
loading control. In parallel to the experiments shown in panels A and C, U937 (B) and HT29
(D) were treated as above and cell death analysed by Propidium Iodide (PI) staining and flow
cytometry. Data are plotted as mean £ SEM for three independent experiments. (E)
Cytoplasmic (“C”) and membrane fractions (“M”) of lysates from U937 cells treated for 3, 6,
10, 24 hours with TSQ were separated on Blue-Native PAGE and analysed with phospho-
MLKL and total MLKL antibodies. The asterisk corresponds to a band arising from cross-
reactivity of the anti-phosphoMLKL antibody with a component of the molecular weight
marker. Anti-GAPDH and anti-VDAC blots were performed to determine the fractionation
purity and protein abundance in the cytoplasmic and membrane fractions, respectively. The
low and high molecular weight MLKL-containing complexes are respectively termed “I”” and
“IT”, as previously [20]. Data presented in panels A, C are representative of three independent
experiments and panel E representative of two independent experiments.

Figure 2: Identification of three novel phosphorylation sites of MLKL using mass
spectrometry.

(A) The crystal structure of full length mouse MLKL (PDB, 4BTF; [17]) annotated with sites
of phosphorylation. S345, S347 and T349 were reported in references [17, 28]; S124 is the
mouse counterpart of a human MLKL phosphosite reported in [26, 27]; S158, S228 and S248
were identified in the present study.

(B-D) Mass spectra from which S228, S248 and S158 in mouse MLKL were identified as
phosphosites. Fragment ions (y ions = red ticks and b ions = blue ticks) containing the neutral
loss of phosphate are marked by asterisks.

Figure 3: Phospho-ablating and phospho-mimetic sites of MLKL have different effects
on cell death.

(A-J) Biologically independent MDF cell lines derived from three wild-type (wf) or three
MIkI"- mice were stably infected with doxycycline inducible constructs encoding full-length
MLKL harbouring different phospho-ablating and phospho-mimetic mutations. Expression of
mutants was induced for 4 hours with 10 ng/ml doxycycline (black bars for wt, grey bars for
MIkI™) or not (white bars) before induction of apoptosis with TS and necroptosis with TSQ
for 24 hours. Cell death was analysed by detecting PI-permeable cells using flow cytometry.
Data are plotted as mean + SEM, n=6; 3 biological samples assayed twice.

Figure 4: Activated MLKL mutants induce cell death independently of endogenous
RIPK3 and MLKL.

(A) The levels of endogenous MLKL and RIPK3 proteins in wild-type, MIkl” and
Ripk3MIkI" cells was assessed by immunoblotting in three biologically independent cell
lines for each genotype. (B) Wild-type, MiIkl" and Ripk3”MIkl" cells were untreated, or
treated with the apoptotic stimulus (TS) or the necroptotic stimulus (TSQ) for 24 hours and
cell death was enumerated by flow cytometry of Pl-permeable cells. (C-L) Ripk3”Mikl"
MDFs were stably infected with doxycycline-inducible MLKL mutants and assayed in two
independent experiments. Cell lines were induced with 10 ng/ml doxycycline (white bars) or
not (grey bars) followed by treatment with the apoptosis stimulus (TS) and necroptotic



stimulus (TSQ) for 24 hours. PI-permeable cells were quantified using flow cytometry. Data
of three or more biological replicates assayed twice are plotted as mean + SEM, n=6; 3
biological samples assayed twice.

Figure 5: Auto-activated MLKL mutants translocate to the membrane independently of
RIPK3.

(A) Membrane translocation and high molecular weight complex formation by the auto-
activating MLKL mutant (S345D) was examined by Blue-Native PAGE in wild-type (wz),
MIkl" and Ripk3”MIkl” MDF cells 7.5 hours post-induction of expression with doxycycline
(Dox). Cells were fractionated into cytoplasmic (“C”) and membrane (“M”) fractions and
proteins resolved by Blue-Native PAGE. Localisation of endogenous MLKL was examined in
wild-type MDFs that were untreated (UT) or treated with TSQ for 7.5 hours (left lanes). The
low and high molecular weight MLKL-containing complexes are termed “I” and “II”, as
previously [20].

(B, C) Cytoplasmic and membrane fractions of phospho-ablating and phospho-mimetic
MLKL mutants inducibly-expressed in Ripk3”Mikl” MDFs for 7 hours with doxycycline
(Dox) were examined by Blue-Native PAGE. Membrane fractionation purity and protein
abundance was assessed by immunoblotting for GAPDH and VDAC, markers of cytoplasmic
and membrane fractions, respectively. Migration of molecular weight standards (kDa) are
shown on the right of blots. Migration of low (“I”) and high (“II’) molecular weight species
are marked on the left of the Blue-Native PAGE. Data in each panel are representative of two
independent experiments.
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