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The pseudokinase domain of the necroptosis effector mixed lineage kinase domain-like (MLKL) functions as a latch
to restrain the unleashing of its N-terminal 4-helix bundle (4HB) domain. Cell death mediated by the 4HB domain relies
on membrane association and oligomerization, which can be inhibited by an ATP-mimetic small molecule that binds

the pseudokinase domain of MLKL.

Our Study

While apoptosis is crucial to multicel-
lular organism development and hence
immunologically inert in most situations,
in contrast the complementary necroptosis
cell death pathway serves no apparent role
in development and instead is a potent
inducer of inflammatory responses. The
necroptosis pathway is activated down-
stream of the tumor necrosis factor (TNF)
receptor in scenarios when inhibitor of
apoptosis proteins (IAPs) and proapop-
totic caspase-8 are depleted or inhibited
(Fig. 1). The pathway relies on receptor
interacting protein kinase-1 (RIPK1) reg-
ulating the catalytic activity of RIPK3,
which in turn phosphorylates the most
terminal (known to date) effector in the
pathway, the pseudokinase mixed lineage
kinase domain-like (MLKL) protein,1
leading to cell death (Fig. 1).

MILKL comprises 2 domains—an N-
terminal 4-helix bundle (4HB) domain
and a C-terminal pseudokinase domain—
connected via 2 “brace” helices." Our
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recent structural studies”” and functional

analyses of structure-based mutants in
fibroblasts derived from MUkl mice' led
us to propose that the pseudokinase
domain of MLKL functions as a molecular

switch that can be toggled by RIPK3-
mediated phosphorylation.
with this hypothesis, we’ and others
have shown that deletion of the pseudoki-
nase domain of MLKL de-represses the N-
terminal 4HB domain to drive cell death.
Furthermore, in keeping with the idea that
the pseudokinase domain acts as a brake to
prevent 4HB domain-mediated cell death,
we found that ectopic expression of the C-
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terminal brace-pseudokinase domain of
MILKL partially inhibited necroptosis in
wild-type fibroblasts in a dominant-nega-
tive fashion.” It has become clear from our
work® and that of others®” that MLKL’s
killer activity can be attributed to its 4HB
domain. The consensus from these studies
is that MLKL activation leads to mem-
brane association; however, several differ-
ent potential mechanisms of membrane
disruption have been proposed (Fig. 1).
Although the mechanism by which
the 4HB domain kills
highly contentious (Fig. 1), by alanine-

cells remains
scanning mutagenesis we have estab-
lished that there are 2 clusters of resi-
dues on opposite faces of the 4HB
domain that are crucial to necroptosis.
One cluster is essential for membrane
localization and assembly of the 4HB
domain into the high molecular weight
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complexes that correspond to cell death.
On the opposite face of the 4HB
domain, a second cluster is essential for
high-molecular weight complex forma-
tion, but not for membrane associa-
tion.> These that
membrane association is necessary, but
not sufficient, for 4HB domain-medi-
ated necroptosis, and implicate either
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MLKL oligomerization (as previously
proposed4’7) or formation of a complex
of MLKL with other effectors as a pre-
cursor to cell death.

The stoichiometry of cell death-induc-
ing MLKL complexes remains a matter
of debate. MLKL has alternatively been
proposed to form trimers” or tetramers’
on the basis of migration in non-reducing
SDS-PAGE, or hexamers based on non-
reducing SDS-PAGE and analyses of
recombinant MLKL.” These oligomers
were found to be stabilized by disulfide
bonds that arose from oxidation during
cell lysis,* indicating that such complexes
may not necessarily reflect complex com-
position 7z vive. In our recent study,” we
performed cellular fractionations followed
by Blue-Native (BN)-PAGE to monitor
formation of high-molecular weight
MLKL-containing complexes. This work
demonstrated that cellular fractionation
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Figure 1. Molecular mechanism of MLKL-mediated cell death. Activation of TNF receptor 1 (TNFR1; lime) by tumor necrosis factor (TNF; yellow) induces
necroptosis when cellular inhibitors of apoptosis proteins (clAPs) and caspase-8 are inhibited or depleted from cells. Receptor interacting protein kinase-
1 (RIPK1) and RIPK3 assemble via their RIP homotypic interaction motif (RHIM) domains into oligomers, within which RIPK1 regulates activation of RIPK3.
Upon activation, RIPK3 phosphorylates mixed lineage kinase domain-like (MLKL), which resides in the cytoplasm in an inactive form, generating phos-
pho-MLKL (pMLKL) in which the N-terminal MLKL 4-helix bundle (4HB) domain (orange) has been unleashed. Subsequently, MLKL translocates to mem-
branes®” where it has been proposed to function variously as an activator of the ion channel transient receptor potential cation channel subfamily M
member 7 (TRPM7),* or an undefined Na™ channel, to perforate membranes,” or form transmembrane pores of unknown stoichiometry.6

and BN-PAGE provides a robust method
for examining the onset of necroptosis,
especially in mouse cells. This is impor-
tant because, unlike human studies, there
is currently no antibody against mouse
phospho-MLKL that can be used to
monitor MLKL activation in mice. Fol-
lowing a necroptotic stimulus, endoge-
nous MLKL moves to a crude membrane
cell fraction that is insoluble in 0.025%
digitonin and is detected as part of a
>500 kDa protein complex that is not
present in the cytoplasmic cell fraction.
Based on our earlier findings that the
MLKL pseudokinase domain has retained
an intact ATP binding site, %% we sought
to determine whether we could modulate
the conformation of the pseudokinase
domain upon binding to an ATP-
mimetic small molecule. We identified
Compound 1 as an inhibitor that not
only binds to the MLKL pseudokinase
domain, but also prevents cell death by
delaying  MLKL

translocation  to

€985550-2

membranes.® This suggested that, in the
presence of Compound 1, MLKL is
locked in a conformation that restrains
the necroptotic activity of the 4HB
domain (Fig. 1).

Until recently, targeting pseudokinases
with small molecule inhibitors was con-
sidered  highly

because of a lack of understanding of

challenging,  mainly
their true biological functions. Our study
clearly highlights new avenues for drug
development against MLKL using ATP
mimetics. Recent studies have elegantly
demonstrated that the biological function
of the pseudokinase HER3 (ErbB3) as a
modulator of the catalytically-active
receptor tyrosine kinase HER2 (ErbB2)
can be tuned by targeting the HER3
pseudokinase domain with ATP mimetic
small molecules.”'® As their biological
functions become unraveled, we antici-
pate that the potential of pseudokinases
as therapeutic targets will continue to be
realized.
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Outstanding Questions

Several distinct mechanisms have been
proposed to describe MLKL-mediated cell
death (Fig. 1), but precisely how MLKL
functions to induce membrane breaches
remains the subject of ongoing studies. It
is presently unclear how the pseudokinase
domain restrains the activity of the 4HB
domain in a healthy cell prior to phos-
phorylation by RIPK3 and how phos-
phorylation of MLKL is affected by
Compound 1 in cells. Future studies will
play an important role in deducing the
stoichiometry of MLKL within the pro-
necroptotic high-molecular weight mem-
brane-associated complex and whether
engagement of additional effectors is
required for necroptosis.
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