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The necroptosis cell death pathway has been implicated in host
defense and in the pathology of inflammatory diseases. While
phosphorylation of the necroptotic effector pseudokinase Mixed
Lineage Kinase Domain-Like (MLKL) by the upstream protein kinase
RIPK3 is a hallmark of pathway activation, the precise checkpoints in
necroptosis signaling are still unclear. Here we have developed
monobodies, synthetic binding proteins, that bind the N-terminal
four-helix bundle (4HB) “killer” domain and neighboring first brace
helix of human MLKL with nanomolar affinity. When expressed as
genetically encoded reagents in cells, these monobodies potently
block necroptotic cell death. However, they did not prevent MLKL
recruitment to the “necrosome” and phosphorylation by RIPK3, nor
the assembly of MLKL into oligomers, but did block MLKL translo-
cation tomembraneswhere activatedMLKL normally disrupts mem-
branes to kill cells. An X-ray crystal structure revealed a monobody-
binding site centered on the α4 helix of the MLKL 4HB domain,
which mutational analyses showed was crucial for reconstitution
of necroptosis signaling. These data implicate the α4 helix of its
4HB domain as a crucial site for recruitment of adaptor proteins that
mediate membrane translocation, distinct from known phospholipid
binding sites.
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Necroptosis is a caspase-independent cell death pathway that
has been implicated in host defense to counter pathogens

(1–8), and its dysregulation, in the pathology of inflammatory
diseases (9–13). Necroptotic signaling can be initiated by death
receptor ligands, including tumor necrosis factor (TNF), engag-
ing their cognate receptors. Typically, the effector kinase, Re-
ceptor interacting protein kinase (RIPK)-1, is ubiquitylated by
the Inhibitors of apoptosis proteins (IAPs) E3 ligases and en-
gages in proinflammatory signaling downstream of TNF receptor
activation. However, in scenarios when RIPK1 ubiquitylation is
inhibited, death signaling is initiated. IAP depletion or inhibition
(such as by compounds termed Smac mimetics or IAP antago-
nists) downstream of death receptor activation leads to activa-
tion of the proteolytic enzyme caspase-8 and cell death via the
extrinsic apoptosis pathway. In cases where caspase-8 activity is
compromised, a high molecular weight complex termed the
“necrosome” is formed, and serves as a platform for initiation of
necroptotic signaling. At the heart of this complex, the RIPK1 and
RIPK3 kinases form a heterooligomeric complex in which RIPK3
is activated by autophosphorylation. Although the details of the
next steps in necroptosis signaling are incompletely understood,
necrosomal RIPK3 is thought to recruit and phosphorylate MLKL
to promote its oligomerization, membrane translocation, and lytic
permeabilization of the plasma membrane (8, 14–21).
Much of our current understanding of these necroptotic sig-

naling events comes from studies performed with mouse cells

(15, 22, 23). However, recent data indicate mechanistic differ-
ences between mouse and human necroptotic signaling, where
phosphorylation of the MLKL pseudokinase domain by RIPK3
appears to serve different functions in MLKL activation (8, 16,
24). In mouse cells, RIPK3-mediated phosphorylation of the
MLKL pseudokinase domain relieves repression of the N-terminal
killer four-helix bundle (4HB) domain to induce cell death (15, 22,
25). In the human system, MLKL activation relies on recruitment
to RIPK3 via its pseudokinase domain (17, 24), rather than simply
phosphorylation by RIPK3. Consequently, the role of RIPK3-
mediated phosphorylation in human cell necroptosis and the
precise order of signaling events remains to be defined.

Significance

Dysregulation of cell death by necroptosis has been implicated
in human inflammatory diseases. Phosphorylation of the MLKL
pseudokinase, the terminal effector in the pathway, by RIPK3 is
a hallmark of pathway activation, but additional checkpoints
downstream in the pathway remain incompletely understood.
Here, we generated synthetic protein ligands, monobodies,
against MLKL to dissect key checkpoints in the pathway. We
identified monobodies that inhibit necroptotic signaling by
binding to an indispensable site on the α4 helix of human
MLKL’s N-terminal four-helix bundle “killer” domain, which we
propose blocks recruitment of essential adaptor(s). These data
distinguish assembly of MLKL into higher-order complexes
from membrane translocation as separate key checkpoints, and
underscore the utility of monobodies as reagents to dissect
signal transduction mechanisms.
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Here we report dissection of human necroptotic signaling
using monobodies that we developed to selectively bind the killer
4HB domain of human MLKL. Monobodies are synthetic
binding proteins constructed using a human fibronectin type III
(FN3) domain (26, 27). Monobodies have strong tendency to
bind to a functional surface within their targets even when no
selection bias for such a functional site is employed during the
development processes (27). Because monobodies do not have
disulfide bonds, they can be expressed in a fully functional form
in the reducing, intracellular environment. Such genetically
encoded monobodies have been effective in discovering and val-
idating functional sites in diverse signaling proteins (27, 28).
Therefore, we envisioned that new monobodies would enable
discovery of functionally important sites in MLKL and the dis-
section of key signaling events in the necroptosis pathway. Using
these ligands, we dissected two previously inseparable necroptosis

signaling steps, namely the assembly of MLKL into high molecular
pronecroptotic complexes and the translocation of activated MLKL
to membranes. The monobody binding site on the MLKL killer
4HB domain is distinct from the formerly described phospholipid
binding interface, yet was found to be indispensable for necroptosis,
thereby implicating the 4HB domain α4 helix in recruitment of
essential adaptors that mediate membrane translocation.

Results
Monobodies that Bind the 4HB Domain of Human MLKL Block
Necroptosis in Human Cells. We developed monobodies for the com-
ponent domains of human MLKL (Fig. 1A). The two monobodies,
Mb(MLKL_33) and Mb(MLKL_37) (referred to as Mb33 and
Mb37 hereafter for brevity), bound the human MLKL N-terminal
4HB domain and first brace helix (termed the N-terminal region or
NTR hereafter) with Kd values of 141 ± 12 nM and 170 ± 21 nM,
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Fig. 1. Monobodies targeting the human MLKL 4HB killer domain prevent necroptosis. (A) Scheme showing the domain architecture of MLKL with the
domains targeted by monobodies developed in this work. The corresponding KD values are shown as mean ± SD of triplicate experiments. The impact of
doxycycline-induced expression of Mb32, Mb33, and Mb37 in human U937 cells (B–D) and Mb33 and Mb37 in HT29 (E and F) and MDFs (G and H) was
evaluated in untreated (UT), apoptotic (TS), or necroptotic (TSI) conditions. Cell death was measured by PI uptake and flow cytometry; death data represent
mean ± SEM of three independent assays.
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respectively (SI Appendix, Fig. S1 A and B). Competition binding
experiments revealed that the inhibitory monobodies, Mb33 and
Mb37, bound to overlapping sites on the human MLKL NTR (SI
Appendix, Fig. S1C). These monobodies showed no detectable
binding to the mouse MLKL NTR (SI Appendix, Fig. S1D), which
was expected because the mouse and human MLKL 4HB domains
share only 54% amino acid sequence identity. Another monobody,
Mb(MLKL_32) (referred to as Mb32 hereafter), bound the pseu-
dokinase domain with a Kd of 37.1 ± 2.4 nM (SI Appendix, Fig. S1 A
and B).
To dissect necroptosis signaling, we stably introduced mono-

bodies under a doxycycline (dox)-inducible promoter into cells
typically used to study necroptosis signaling: the human histio-
cytic lymphoma line U937, the human colon cancer line HT29,
and mouse dermal fibroblast (MDF) cells (Fig. 1 B–H). The
monobody constructs bear N-terminal FLAG and C-terminal
GFP tags for ease of detection (SI Appendix, Fig. S1F). We
then tested the effects of dox-induced monobody expression on
necroptosis induced by the “TSI stimulus” [with TNF, a Smac
mimetic IAP antagonist (compound A) and pan-Caspase inhibitor
(IDN-6556)] and on apoptosis induced by the “TS stimulus” (with
TNF and the Smac mimetic, compound A). While other death
ligands, interferons, and Toll-like receptor ligands are known to
induce extrinsic apoptosis and necroptosis, we used TNF in these
experiments because it is the most widely used laboratory stim-
ulus. We observed that the monobodies that bind the human
MLKL NTR, Mb33 and Mb37, potently inhibited necroptosis

(induced by TSI) in human HT29 and U937 cells, while not
impacting apoptosis (TS). This is consistent with these mono-
bodies acting upon MLKL, the terminal effector in the nec-
roptosis pathway, which has no role in apoptotic signaling. As
expected from the absence of binding of Mb33 and Mb37 to
recombinant mouse MLKL (SI Appendix, Fig. S1D), these
monobodies inhibited neither mode of death in mouse cells.
Contrary to Mb33 and Mb37, Mb32, which targets the human
MLKL pseudokinase domain, did not block necroptosis in either
human or mouse cells, and was thus used as a negative control in
subsequent studies.

Inhibitory Monobodies Block MLKL Membrane Translocation, but Not
RIPK3-Mediated MLKL Phosphorylation or Oligomerization. We next
sought to define which step(s) of the necroptosis signaling
pathway were inhibited by Mb33 and Mb37. First, we examined
whether the binding of Mb33 and Mb37 to MLKL blocks in-
teraction with the upstream regulator, RIPK3. By Western blot,
the MLKL expression level or phosphorylation was not markedly
impacted by expression of the inhibitory monobodies, Mb33 and
Mb37, or the negative control, Mb32, in HT29 cells following
treatment with the necroptotic stimulus TSI (Fig. 2A). We fur-
ther examined whether Mb33 and Mb37 exerted their inhibitory
effects on necroptosis via interaction with MLKL. Immunopre-
cipitation of Mb32, Mb33, and Mb37 from HT29 lysates vali-
dated their interaction with MLKL in Western blots (Fig. 2B).
This interaction was enhanced upon treatment with the
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Fig. 2. Mb33 and Mb37 inhibit necroptosis by blocking MLKL membrane translocation. Immunoblotting (A) and Mb immunoprecipitation (B) of lysates of
HT29 cells with and without monobody expression. Mb33 and Mb37 did not prevent MLKL phosphorylation by RIPK3 following TSI stimulation. Expression of
Mb32 (C), Mb33 (D), or Mb37 (E) in HT29 cells was induced by doxycycline (dox) treatment. Assembly of MLKL into higher-order species (“complex II”) and
membrane translocation were assessed by blue-native PAGE ±7.5 h TSI treatment. Separation into cytoplasmic (“C”) and membrane (“M”) fraction was
validated by blotting BN-PAGE for VDAC1 (membrane) and GAPDH (cytoplasmic). Expression of monobodies was verified by reducing SDS-PAGE blots for GFP.
All images and blots are representative of two independent experiments.
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necroptosis stimulus TSI, indicating that phosphorylated and/or
oligomeric MLKL is more readily accessed by all three mono-
bodies. In parallel, we examined the repertoire of Mb33 and
Mb37 binding partners by mass spectrometry. MLKL was the
protein most significantly enriched by Mb33 and Mb37 pulldown
(SI Appendix, Fig. S2), and we observed known interactors from
the necrosome, RIPK3, RIPK1, Caspase-8, and FADD, to be
coenriched with MLKL, albeit to a lesser extent than MLKL
itself. Notably, the other proteins enriched by each monobody have
not been implicated in necroptosis signaling and these inter-
actomes differ between the two monobodies. These data indicate
that, except for interaction with MLKL, Mb33 and Mb37 have
distinct binding repertoires. Together with their specificity for hu-
man MLKL over mouse MLKL, this supports the notion that it is
the direct interaction of Mb33 and Mb37 with human MLKL that
negates necroptosis signaling. Crucially, none of the tested mono-
bodies block MLKL recruitment to necrosomal RIPK3 or RIPK3-
mediated MLKL phosphorylation, which in turn suggests that
Mb33 and Mb37 inhibit a step downstream of these events.
To examine whether the monobodies prevent pMLKL oligo-

merization and influence MLKL cellular localization, we frac-
tionated untreated or TSI-stimulated HT29 cells into crude
membrane and cytoplasmic fractions and examined MLKL as-
sembly into high molecular weight complexes [previously desig-
nated “complex II” (22)] by blue-native PAGE. In the absence of
the expression of monobodies, TSI stimulation resulted in high
molecular weight MLKL complexes, which were present in the
membrane fractions (Fig. 2 B–D). Expression of the non-
inhibitory, pseudokinase domain-binding monobody, Mb32, did
not prevent higher-order MLKL complex formation and mem-
brane translocation (Fig. 2B), as expected. In contrast, expres-
sion of either of the inhibitory monobodies, Mb33 (Fig. 2C) or

Mb37 (Fig. 2D), prevented MLKL translocation to membranes,
but did not prevent assembly of high molecular MLKL com-
plexes, which were retained in the cytoplasmic fraction. These
data illustrate that inhibitory monobodies do not prevent the
transition of the dormant, basal cytoplasmic form into higher-
order, pronecroptotic oligomers. Instead, these inhibitory mono-
bodies function by blocking translocation of higher-order MLKL
assemblies to the plasma membrane, thus preventing membrane
disruption that causes cell death. Consequently, using these
monobodies, we have disentangled MLKL oligomerization and
membrane translocation as distinct checkpoints downstream of
MLKL phosphorylation in the necroptosis pathway.

Mb33 Binds the Human MLKL via an Epitope Centered on the α4 Helix
of the 4HB Domain. To define the mechanism of action of the
inhibitory monobodies to block translocation of activated MLKL
to the membrane, we crystallized the complex of Mb33 and the
N-terminal region (NTR) of human MLKL encompassing the
4HB domain and the first of the two brace helices (residues 2 to
154) and determined its crystal structure at 2.5-Å resolution (Fig.
3A and Table 1) (29). As expected, the 4HB domain and first
brace helix structure closely resembles the structures previously
determined using NMR spectroscopy (rmsd 1.68 Å across Cα
atoms to 2MSV; rmsd 2.00 Å across Cα atoms to 6D74) (30, 31)
(SI Appendix, Fig. S3 A and B). The greatest deviations between
the structure herein and the NMR structures were observed for
the loops that connect helices and the disposition of the brace
helix, which forms part of the Mb33 binding interface. The
monobody binds atop the α4 helix, the N-terminal portion of the
adjacent first brace helix, and the intervening loop (Fig. 3 A–C).
The monobody and MLKL contribute ∼880 and 850 Å2 of
solvent-accessible surface areas, respectively, to the interface.
Many regions of the monobody contact MLKL, including the BC,
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DE, and FG loops that were diversified in the library, as well as
residues in the ABE sheet (Fig. 3 A–C and SI Appendix, Fig. S1A).
Residues in each of these loops bind at the interface of the 4HB
domain and the first brace helix (Fig. 3C). Interestingly, the in-
terface by which the monobody engages the 4HB domain of
MLKL does not occlude the α3–α4 loop residue, C86, the target
for covalent binding by the human MLKL inhibitor necrosulfo-
namide (NSA) (17) (Fig. 3E). Indeed, modification of recombi-
nant human MLKL NTR with NSA only modestly decreased
binding to Mb33 and Mb37 (SI Appendix, Fig. S1E). While there is
unlikely to be substantial overlap in the footprint of NSA and Mb
binding sites within the NTR, we cannot eliminate the possibility
that NSA and Mb33/Mb37 prevent human MLKL binding to a
common protein partner that facilitates membrane translocation.
The MLKL interface bound by Mb33 also resides on the face op-
posite from sites of phospholipid and inositol phosphate binding
previously identified using NMR spectroscopy: the α1–α2 helix
junction; and a second site centered on the N terminus of the α1
helix and the adjacent α2–α3 helix loop (30–33) (Fig. 3E). Conse-
quently, the monobodies inhibited membrane localization of MLKL
via a mechanism that is not attributable to occlusion of essential
membrane binding residues, and thus they have revealed important
functions mediated by the α4 helix.

Identification of Residues in the α4 Helix of the MLKL 4HB Domain
that Are Essential for Membrane Translocation. Based on our
Mb33:human MLKL NTR structure, we tested the involvement
of a total of 11 MLKL residues that are located within and ad-
jacent to the Mb33 epitope (Fig. 4A). We mutated each residue
to Ala in the context of full-length human MLKL and stably
transduced each of these dox-inducible constructs (or the wild-
type counterpart) into MLKL−/− U937 cells to examine their
capacity to reconstitute necroptotic signaling. As previously
reported (24), expression of wild-type human MLKL restored
the cell death response following 6 or 22 h of treatment with a
necroptotic stimulus (TSI; Fig. 4B). In contrast, alanine substitution
of the MLKL α4 helix residues D107, E111, and L114, located at

the core of the structural epitope bound by Mb33, completely ab-
rogated necroptotic signaling (Fig. 4B), even though expression
levels of these mutants were comparable to those of wild-type
MLKL and the other mutants that did not affect signaling (SI Ap-
pendix, Fig. S1G). All other mutants were capable of reconstituting
the pathway, with modest attenuation evident for the α4 helix
mutant K99A and the α4 helix-brace loop mutant Q129A. D107,
E111, and L114 reside at the heart of the structural epitope of
Mb33 binding, suggesting that the inhibitory monobodies preclude
yet-to-be-identified protein–protein interactions mediated by these
residues to prevent MLKLmembrane translocation and necroptotic
cell death. Consistent with this idea, blue-native PAGE analyses of
D107A, E111A, and L114A MLKL mutants revealed deficits in
membrane translocation relative to their wild-type counterparts
(Fig. 4C). Upon fractionation of cell lysates into cytosolic (C) and
crude membrane (M) fractions, we observed that D107A, E111A,
and L114A MLKL mutants could assemble into higher-order
complexes, like their wild-type counterparts. However, unlike
wild-type MLKL, these high molecular weight complexes were
retained in the cytoplasmic fraction (Fig. 4C), thus accounting for
their signaling deficiencies. The precise mechanism by which this
functional epitope mediates membrane translocation, and which
chaperones/coeffectors direct this process, remains of outstanding
interest and the subject of future studies.

Discussion
Several steps in the pathway that culminate in MLKL-mediated
membrane permeabilization have been posited (16, 21). How-
ever, in the absence of reagents to dissect the pathway, many of
these checkpoints have remained hypothetical. Recent studies
validated the recruitment of human MLKL to phosphorylated/
activated necrosomal RIPK3 as a crucial checkpoint in MLKL
activation (8, 24), an event that precedes RIPK3-mediated
phosphorylation of MLKL. MLKL phosphorylation is widely
considered a signature of necroptosis pathway activation (15–17,
23, 34), although the existence and identities of downstream
checkpoints remain to be established.
Here, using monobody inhibitors of the human MLKL 4HB

killer domain, we have divorced the assembly of high molecular
weight MLKL complexes [termed complex II (22)] from the
process of membrane translocation and permeabilization.
Monobody inhibition of membrane translocation led to MLKL
oligomer accumulation in the cytoplasm, and thus prevented
MLKL from permeabilizing the plasma membrane to induce
necroptotic cell death. Notably, because monobody binding
centered on the 4HB and the first brace helix of human MLKL,
we can exclude these regions of MLKL as important for oligo-
mer formation. This view is consistent with earlier studies at-
tributing the role of promoting oligomerization to the second
helix in the brace region that connects 4HB and pseudokinase
domains (32, 35). The crystal structure enabled us to identify
three key MLKL residues, D107, E111, and L114, that are es-
sential for necroptosis (Fig. 4). These residues reside on the α4
helix of the MLKL 4HB domain, on the face opposite from the
two clusters of basic residues previously implicated in phospho-
lipid and inositol phosphate binding (14, 30–33), indicating that
they perform distinct functions from mediating membrane as-
sociation and activation by inositol phosphates. Previous alanine
scanning mutagenesis of the mouse MLKL NTR to introduce
R105A/D106A, E109A/E110A, and LLLL112-115AAAA (SI
Appendix, Fig. S3C), where underlined residues are the coun-
terparts of human MLKL D107, E111, and L114, respectively,
lost the capacity to constitutively kill MDFs (22). Introduction of
R105A/R106A and E109A/E110A substitutions into full-length
mouse MLKL prevented reconstitution of necroptosis signaling
in Mlkl−/− MDFs, thus implicating this region in cell killing by
mouse MLKL (18). However, whether this loss of function was
attributable to loss of membrane localization was not examined.

Table 1. X-ray crystallography data collection and refinement
statistics

Structural parameters Mb33:human MLKL (2-154)

Wavelength 0.9537
Resolution range 44.76–2.5 (2.59–2.5)
Space group P 21 21 21
Unit cell dimensions 58.29 59.42 68.04 90 90 90
Total reflections 46172 (4177)
Unique reflections 8552 (820)
Multiplicity 5.4 (5.1)
Completeness, % 99.53 (99.51)
Mean I/sigma(I) 7.02 (1.21)
Wilson B-factor 47.58
R-meas 0.1891 (1.744)
R-pim 0.0804 (0.7699)
CC1/2 0.994 (0.47)
Reflections used in refinement 8545 (820)
Reflections used for R-free 468 (36)
R-work 0.246 (0.367)
R-free 0.296 (0.321)
RMS(bonds) 0.001
RMS(angles) 0.37
Ramachandran favored, % 97.41
Ramachandran allowed, % 2.59
Ramachandran outliers, % 0
Rotamer outliers, % 1.03
Clashscore 2.22
Average B-factor 65.1
Number of TLS groups 10

Statistics for the highest-resolution shell are shown in parentheses.
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In light of the present study, these and our data suggest an
evolutionarily conserved role for α4 helix residues in directing
MLKL transport downstream of assembly into high molecular
weight complexes.
Our previous structural mass spectrometry study of the con-

formational transition of human MLKL from inactive monomer
to pronecroptotic tetramer identified E111 as proximal to the αC
helix in the pseudokinase domain in the basal, monomeric state
(24). Introduction of the D107A/E111A substitutions into hu-
man MLKL were found to ablate cell death (24), contrary to the
hypothesis that these mutations would disrupt a charged pair
between E111 in the 4HB domain α4 helix and the αC helix
residues K255/K256 in the pseudokinase domain to promote

transition to an oligomeric, killer conformer. The mechanism
underlying this paradox was unclear. Here, our finding that in-
hibitory monobodies prevent MLKL translocation to membranes
suggests that, while E111 of the 4HB domain mediates interac-
tions with K255/K256 in the pseudokinase domain in the dor-
mant monomer form of MLKL, its dominant role is to support
downstream membrane translocation. Previous biophysical
studies of the human MLKL NTR led to a model in which the
first brace helix functions as a “plug” that binds the 4HB domain
α4 helix to inhibit its interaction with phospholipids and lipo-
some permeabilization in vitro (31, 32). However, this does not
appear to be the case in the context of full-length human MLKL.
Double alanine substitution of two key 4HB α4 helix residues,
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Fig. 4. A functional site on the human MLKL 4HB domain α4 helix is crucial for MLKL to induce necroptotic death. (A) Cartoon of the 4HB domain-first brace
helix structure rotated 30° about the x-axis relative to the depiction in Fig. 3D. MLKL residues proximal to Mb33 in the complex were selected for alanine
substitution and are shown as sticks; essential residues for necroptotic signaling are shown as red sticks. (B) Effects of Ala substitutions of the indicated residues
within full-length human MLKL on the capacity to reconstitute necroptotic signaling in MLKL−/− human U937 cells. Wild-type or mutant MLKL expression was
induced with doxycycline, and death was measured by PI uptake and flow cytometry in the absence of stimulus or the presence of TSI stimulation for 6 or 22 h.
Exogenes were expressed in 2 to 3 independentMLKL−/− U937 clones (one clone for Q135A) and assayed independently to a combined n = 3 to 10 for each MLKL
variant. Data are plotted as mean ± SEM. (C) Expression of wild-type, D107A, E111A, and L114A human MLKL in MLKL−/− HT29 cells was induced by doxycycline
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D107 and E111, in the context of recombinant full-length human
MLKL did not impact phospholipid binding and liposome per-
meabilization activities in vitro (24), indicating that these residues
are not directly involved in lipid interaction. These data negate the
possibility that inhibitory monobodies prevent MLKL membrane
translocation simply by locking the human MLKL NTR in an
inhibited conformation or directly blocking MLKL–membrane in-
teraction. Instead, they implicate inhibitory monobodies in blocking
intermolecular interaction(s) critical for a downstream signaling event.
The observation that our inhibitory monobodies did not pre-

vent MLKL assembly into oligomers further validates a model of
the MLKL tetramer derived from solution SAXS and cross-
linking/mass spectrometry data in which each 4HB domain is
solvent-exposed in the oligomers (24). Such an assembly would
avail the 4HB domain α4 helix to interaction with the yet-to-be-
identified downstream coeffectors. To date, aside from the up-
stream regulator kinase RIPK3, few MLKL interactors have been
identified. While the HSP90-Cdc37 cochaperones have been im-
plicated in MLKL activation (25, 36, 37), the underlying mecha-
nism is unclear, and such an interaction would be expected to be
mediated via the MLKL pseudokinase domain, and not the 4HB
domain, because HSP90 and Cdc37 are best characterized as
cochaperones for protein kinases and pseudokinases (38). Simi-
larly, the recent implication of TAM kinases in promotion of
MLKL-mediated cell death is likely to be a distinct process be-
cause the reported substrate residue, Y376, is located in the
pseudokinase domain, rather than the NTR. This study proposed
that TAM kinase phosphorylation promotes MLKL oligomeriza-
tion postmembrane translocation (39); however, our data support
a reverse chronology, where MLKL oligomerization precedes
membrane localization. Other coeffectors have been proposed to
negate necroptosis. Recent studies have implicated the ESCRT-
III complex in regulating MLKL levels at membranes, including in
enabling activated MLKL to be jettisoned from the plasma
membrane as “necroptotic bubbles” or vesicles, to negate nec-
roptotic death (40–42). A complementary pathway involving
flotillin-mediated endocytosis has also been described, which was
proposed to similarly diminish membrane levels of phospho-
MLKL to limit membrane damage via lysosomal degradation
(43). Because both processes rely on lipid raft formation, and
MLKL accumulation therein, it seems unlikely that these proteins
would function as the MLKL membrane translocation chaperone.
Future interactome analyses utilizing the monobodies and the
MLKL mutants developed here may help identify MLKL inter-
actors important for specific steps in necroptosis signaling.
The human MLKL α3–α4 loop helix harbors C86, which is the

target for the covalent inhibitor of human MLKL, necrosulfo-
namide (NSA) (17). NSA modification did not prevent human
MLKL phosphorylation or oligomerization, but did prevent
membrane translocation (19, 44), which is reminiscent of the
effects mediated by the inhibitory monobodies reported herein.
However, the underlying mechanisms are likely to differ. C86
resides on the α3–α4 loop helix distal to the monobody-targeting
α4 helix (Fig. 3E), and NSA modification did not substantively
impact human MLKL NTR binding to Mb33 and Mb37, con-
sistent with our monobodies and NSA occupying different sites
on human MLKL, each of which is likely to engage distinct in-
teraction partners. Thioredoxin-1 was recently proposed as one
such regulator of human MLKL activation via C86 modification
(45). Owing to the lack of conservation of this cysteine, this is
unlikely to be a universal mechanism. In contrast, the impor-
tance of the 4HB domain α4 helix residues to both mouse and
human MLKL necroptotic signaling suggests that interactions
mediated by the MLKL 4HB domain α4 helix are likely to be
broadly conserved mechanisms across species. Currently, the
identity of the protein(s) involved in MLKL 4HB domain bind-
ing and delivery of MLKL to the plasma membrane to enable
cell death to proceed remains to be discovered and is the subject

of ongoing interest. The identification of membrane translocation
as a regulated and essential checkpoint in necroptosis signaling
distinct from assembly of MLKL into high molecular weight
complexes opens new avenues to target this process therapeuti-
cally. The crystal structure of the inhibitory monobody may serve
as a guide for designing such compounds.

Materials and Methods
Complete descriptions of experimental procedures are included in the SI
Appendix. Brief summaries of procedures are included as follows.

Recombinant Protein Expression and Purification. Recombinant human MLKL
4HB domain-first brace helix (residues 2 to 154) and monobodies were
expressed and purified from Escherichia coli BL21-Codon Plus (DE3)-RIL using
established methods (18, 24, 46). For monobody screening, bait proteins
were expressed with a C-terminally fused flexible penta-Ser linker and Avi-
Tag (ASSSSSGLNDIFEAQKIEWHE) and enzymatically biotinylated using
recombinant BirA. The human MLKL (2-154) AviTag fusion (synthesized by
Bioneer) was expressed and purified from E. coli BL21-Codon Plus (DE3)-RIL,
and pseudokinase domain (residues 190 to 471) and full length human MLKL
were expressed and purified from Sf21 insect cells via the Bac-to-Bac system
(Invitrogen) using established procedures (24, 48).

Monobody Development. Phage-display library designs, library sorting using
phage display and yeast display, and affinity measurement using yeast display
flow cytometry assay were performed as described previously (48, 49). The
amino acid sequences of the monobodies are shown in SI Appendix, Fig. S1.

Protein Crystallization and Structure Determination. Recombinant humanMLKL
(2-154) andMb33were coeluted by Superdex-200 size exclusion chromatography
and concentrated to 4.7mg/mL. Crystals grown in 25%PEG-MME550, 0.1MMES,
pH 6.5, 0.01 M zinc acetate at 20 °C were flash-cooled in liquid nitrogen, and X-
ray diffraction data were collected at the Australian Synchrotron MX2 beamline
(50). Data were indexed, integrated in XDS, and then merged and scaled in
aimless (51, 52). Phases were solved by molecular replacement using a mono-
body structure (PDB ID code 6D0J) and the 4HB domain of mouse MLKL (PDB ID
code 4BTF) as search models in phaser (53). Manual model building and phase
refinement were performed using iterative real-space and reciprocal-space re-
finement in Coot and phenix.refine, respectively (54, 55). The protein interaction
interfaces were analyzed using the PISA server (56).

Expression Constructs. The monobody-encoding genes were cloned into a de-
rivative of the doxycycline-inducible, puromycin-selectable vector pF TRE3G PGK
puro (15, 18, 22) encoding an N-terminal FLAG and C-terminal GFP sequence
(synthesized by ATUM). Mutations were introduced into a human MLKL DNA
template (from DNA2.0) using oligonucleotide-directed overlap PCR or were
synthesized by ATUM and subcloned into pF TRE3G PGK puro. Vector DNA was
cotransfected into HEK293T cells with pVSVg and pCMV ΔR8.2 helper plasmids
to generate lentiviral particles as described previously (15, 22).

Cell Death Assays. The human histiocytic lymphoma U937 (and their MLKL−/−

counterparts), human colorectal adenocarcinoma HT29, and MDF cell lines
were cultured in human tonicity RPMI medium (in-house), DMEM, and
DMEM (Gibco), respectively, supplemented with 8% vol/vol fetal calf serum
(FCS; Sigma), with puromycin (5 μg/mL; StemCell Technologies) added for
lines stably transduced with inducible MLKL or monobody constructs as
described before (8, 24). Following 3 h induction of exogene expression by
addition of doxycycline (20 ng/mL), cells were treated with TNF (100 ng/mL)
and the Smac-mimetic compound A (500 nM; TS) to induce apoptosis or with
TS in the presence of the pan-caspase inhibitor IDN-6556 (10 μM) to induce
necroptosis. Cell death was quantified by propidium iodide (PI; 1 μg/mL)
uptake using flow cytometry 24 h poststimulation as described previously (8,
24). Combined data from replicate experiments using 1 to 3 clonal cell lines
are presented as mean ± SEM.

Western Blot and Blue Native PAGE. Two times SDS Laemmli lysis buffer was
added to cells, sonicated, boiled at 100 °C for 5 min, and then resolved by 4 to
15% Tris-Glycine gel (Bio-Rad). After transfer to PVDF, membranes were
blocked with 5% skim milk and then probed with antibodies as indicated.
For blue native PAGE, monobody expression was induced in wild-type HT29
cells with 10 ng/mL doxycycline for 3 h, then treated with TSI (7 h) or left
untreated as indicated. Cells were fractionated into cytoplasmic and mem-
brane fractions as previously described (18, 22). Fractions were resolved by 4

8474 | www.pnas.org/cgi/doi/10.1073/pnas.1919960117 Petrie et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919960117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919960117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919960117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1919960117


to 16% Bis-Tris Native PAGE gel (Thermo Fisher), then transferred to PVDF
for Western blot analyses.

Reagents and Antibodies. Antibodies and the dilutions used in this study are
detailed in the SI Appendix. Recombinant hTNF-Fc, produced in-house, and
the Smac mimetic, compound A, have been previously described (57, 58). The
pan-caspase inhibitor IDN-6556/emricasan was provided by Tetralogic
Pharmaceuticals.

Data Availability. All reagents are available under material transfer agree-
ment. All data, sequences, and protocols are available on request. The
Mb33:humanMLKL NTR structure atomic coordinates have been deposited in
the Protein Data Bank (accession 6UX8).
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