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RIPK1 is a critical mediator of cell death and inflammation down-
stream of TNFR1 upon stimulation by TNF«, a potent proinflamma-
tory cytokine involved in a multitude of human inflammatory and
degenerative diseases. RIPK1 contains an N-terminal kinase domain,
an intermediate domain, and a C-terminal death domain (DD). The
kinase activity of RIPK1 promotes cell death and inflammation. Here,
we investigated the involvement of RIPK1-DD in the regulation of
RIPK1 kinase activity. We show that a charge-conserved mutation of
a lysine located on the surface of DD (K599R in human RIPK1
or K584R in murine RIPK1) blocks RIPK1 activation in necroptosis
and RIPK1-dependent apoptosis and the formation of complex II.
Ripk 1/84-/K584R ynockin mutant cells are resistant to RIPK1 kinase-
dependent apoptosis and necroptosis. The resistance of K584R cells,
however, can be overcome by forced dimerization of RIPK1. Finally,
we show that the K584R RIPK1 knockin mutation protects mice
against TNFa-induced systematic inflammatory response syndrome.
Our study demonstrates the role of RIPK1-DD in mediating RIPK1
dimerization and activation of its kinase activity during necroptosis
and RIPK1-dependent apoptosis.

RIPK1 | death domain | dimerization | necroptosis |
RIPK1-dependent apoptosis

IPK1 is a critical mediator of cell death and inflammation
downstream of TNFR1 upon stimulation by TNFa, a potent
proinflammatory cytokine involved in a multitude of human in-
flammatory and degenerative diseases (1-3). TNFa may promote
the activation of apoptosis or necroptosis, mediated by TNFR1
through intracellular signaling processes involving the formation
of sequential protein complexes. Activation of TNFR1 by TNFa
leads to the rapid formation of a transient complex termed complex
I, or TNF-RSC, associated with the intracellular death domain
(DD) of TNFR1. The components of complex I include TRADD
and RIPK1, which are both DD-containing proteins that interact
with TNFR1 via homotypic DD interaction (4). In apoptosis-
competent cells, complex I transitions into complex IIa, which in-
cludes RIPK1, FADD, and caspase-8, to promote apoptosis (5).
When apoptosis is inhibited, necroptosis may be activated by the
formation of complex IIb, consisting of RIPK1, FADD, caspase-§,
and RIPK3, which in turn promotes the phosphorylation and olig-
omerization of MLKL and the execution of necrosis (6-9).
RIPKI1 is composed of an N-terminal serine/threonine kinase
domain, an intermediate domain, and a C-terminal DD (10).
The kinase activity encoded by the N-terminal kinase domain is
essential for necroptosis and RIPK1-dependent apoptosis in-
duced by TNFa (11-13). The intermediate domain is involved in
mediating NF-kB and MAPK activation through ubiquitination
at K377 by cIAP1 and binding with TRAF2, NEMO, and TAK1
(14). The RIP homotypic interaction motif (RHIM) in the in-
termediate domain regulates necroptosis by interaction with
RIPK3, as mutating IQIG in the core RHIM motif of RIPK1 to
AAAA disrupts the interaction of RIPK1 and RIPK3 (15). On
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the other hand, the C-terminal DD is known to be involved in the
recruitment of RIPK1 to a death receptor signal complex, such as
TNFR1, upon the stimulation of its cognitive ligand TNFa. The
DD of RIPK1 is known to mediate the binding to other DD-
containing adaptor proteins, e.g., TRADD and FADD, for its
recruitment into complex I and to mediate apoptosis (16, 17).
However, the functional role of RIPK1-DD in regulating the ac-
tivation of its N-terminal kinase domain has not been investigated.

The DD superfamily has emerged as a prime mediator of cell
death and inflammation signal transmission. DD-containing
proteins usually form homodimers or oligomers based on
homo- or hetero-association among subfamily members (18).
However, the role of DD-mediated homo- or heterodimerization
in enzymatic activities that may be encoded by other parts of the
molecules has rarely been investigated. In this study, we in-
vestigated the involvement of RIPK1-DD in the activation of its
kinase activity. We show that mutating K599 in human RIPK1,
or its conserved residue K584 in murine RIPK1, a lysine located
on the surface of the death domain to arginine, blocks RIPK1
homodimerization, kinase activation, and the formation of
complex II in necroptosis and RIPK1-dependent apoptosis (RDA).
Ripl I"O3#RKS8IR 1enockin mutant cells are resistant to RIPK1-dependent
apoptosis and necroptosis. The resistance of RipkI*S*K84R mytant
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cells, however, can be overcome by forced dimerization of RIPK1.
Finally, we show that the K584R mutation protects mice against
TNFa-induced systematic inflammatory response syndrome (SIRS).
Our study demonstrates the role of RIPK1-DD in mediating
RIPK1 dimerization and activation.

Results

K599R Mutation Blocks RIPK1-DD Interaction. All members of the
DD superfamily show a conserved 6-a-helical bundle structural
fold (19). However, they also contain distinguishing sequence
and structural features that differentiate them from each other.
To date, the structure of RIPK1-DD has not been resolved as the
purified protein is prone to form aggregates by self-association.
Mutagenesis studies of TNFR1-DD have shown that the a2, o3,
and o4 helixes contain residues that may be involved in medi-
ating homodimerization as well as hetero-association with other
DDs (20, 21). K599 of RIPK1 is one of the conserved residues on
the surface of DD formed by a2-a3, so we hypothesized that it
might be important for mediating RIPK1-DD homodimeriza-
tion. We experimentally tested this possibility first in 293T cells
and found that the K599R mutation in RIPK1-DD dramatically
reduced the binding between RIPK1-DD and full-length RIPK1
(Fig. 14 and Fig. S14).

The RHIM motif in the intermediate domain can mediate
strong oligomerization of RIPK1 in the 293T overexpression
system (22). To investigate the contribution of DD in the context
of full-length RIPK1, we neutralized the RHIM by introducing
IQIG-4A. We found that the binding of K599R FL RIPK1 with
IQIG-4A FL RIPK1 was reduced compared with that of WT FL
RIPK1 with IQIG-4A FL RIPK1 (Fig. 1B). Furthermore, the
K599R+IQIG-4A double-mutated RIPK1 lost the ability to bind
with other RIPK1 (Fig. 1B), suggesting that both DD and RHIM
were involved in mediating RIPK1-RIPK1 homo-interaction.

Interestingly, while KS99R RIPKI1 blocked the binding with
RIPK1-DD, it had no significant influence on its hetero-dimerization
with TNFR1-DD (Fig. 1C), TRADD-DD (Fig. 1D), or FADD-
DD (Fig. 1E). This result suggests that, although the members of
the DD family share a similar core 3D structure, subtle sequence
differences on the surface of DDs may determine the specificity
of their interactions.

K599R RIPK1 Mutation Blocks Necroptosis and RDA of Human Cells.
We next analyzed the contribution of K599 in human RIPK1
to TNFa-induced cell death by complementation of RIPK1-
deficient cells. We induced necroptosis and apoptosis with dif-
ferent combinations of TNF«, pan-caspase inhibitor zZVAD.fmk,
cycloheximide (CHX), small-molecule IAP antagonist SM-
164 or TAK1 inhibitor (5Z)-7-oxozeaenol (5Z-7) and found that,
in contrast to that of WT RIPK1 complementation, RIPKI-
deficient Jurkat cells reconstituted with K599R or 1QIG-4A
RIPK1 were highly resistant to necroptosis induced by TNFao/
CHX/zVAD.fmk, TNFo/SM-164/zVAD.fmk, or TNFa/5Z-7/
zVAD.fmk (Fig. 1F). Interestingly, KS99R showed better sup-
pression than IQIG-4A in RIPK1-dependent apoptosis triggered
by TNFo/SM-164 or TNFo/5Z-7. On the other hand, K599R
RIPK1 did not affect RIPK1-kinase-independent apoptosis in-
duced by TNFa/CHX treatment (Fig. S1B). These results suggest
that the DD-mediated RIPK1 interaction regulates the cell
death in both RIPK1-dependent apoptosis and necroptosis, but
not in RIPK1-independent apoptosis, while the RHIM may be
primarily involved in mediating its interaction with the RHIM of
RIPK3 in necroptosis as previously reported (15).

Ripk1**®*® Knockin Mutation Blocks Necroptosis and RIPK1-Dependent
Apoptosis. K584 in murine RIPK1 corresponds to K599 in human
RIPK1 (Fig. S1C). To further investigate the importance of K584-
mediated RIPK1-DD homodimerization, we generated RipkI’ 5%
knockin mutant mice by mutating the conserved lysine (K) at po-
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sition 584 to arginine (K584R) (Fig. S24). Ripk1®8*RK8R mice
were born with expected Mendelian ratios (Fig. S2B), showed no
developmental defects, and were normal as adults. We obtained
primary mouse embryo fibroblasts (MEFs) derived from littermates
of E14 WT Ripkl, Ripk1®¥*®* and RipkI®*5*F%8R embryos. We
found that RipkI%R/ 38R MEFs showed strong resistance to
necroptosis and RDA, comparable to Nec-1s treatment, when in-
duced by different stimuli, whereas RipkI“>*®* MEFs showed
partial but statistically significant protection (Fig. 2 4 and B and
Fig. S2C). p-S166 RIPK1—a biomarker of RIPK1 kinase activation
(23) in MEFs stimulated by treatments that induced necroptosis
and RDA—was strongly reduced by heterozygous or homozygous
K584R mutation (Fig. 2 C and D). Phosphorxlation and oligo-
merization of MLKL was blocked in RipkI®5R 38R MEFs and
delayed in Ripk1®*3*®"* MEFs under necroptotic conditions (Fig.
2C). The activation of RIPK1 kinase activity as well as the cleavage
of caspase-3, caspase-8, PARP-1, and RIPK1 in RDA induced b
TNFa/5Z-7 or TNFa/SM164 were inhibited in both Ripk ] S#R/K584
MEFs and Ifgklm&m/ * MEFs (Fig. 2 D and E). On the other
hand, RipkI%>8*R/K384R MEFs and RipkI®°%*®+ MEFs showed
no resistance to RIPKl-independent apoptosis induced by
TNFa/CHX, but were protected against necroptosis induced by
TNFo/CHX/zVAD.fmk (Fig. S2 D-F).

We also analyzed the responses of peritoneal macrophages
(PMs) and bone-marrow—derived primary macrophages (BMDMs)
to a variety of pronecroptosis and pro-RDA stimuli, triggered by a
combination of TNFa, 5Z-7, SM-164, or TPCA-1 (IKKp inhibitor)
and zVAD.fmk. We found that Ripk1*°8*R538#R pMs (Fig. 2F) and
BMDMs (Fig. 2G) also showed strong resistance to necroptosis
and RDA induced by different stimuli, whereas heterozygous
RipkI"%*"* PMs and BMDM s showed partial resistance (Fig. 2 F
and G). BMDMs can undergo necroptosis in response to SM-164/
zVAD.fmk alone due to low levels of autocrine TNFo signaling
(7, 24). The activation of RIPK1, as shown by p-S166 RIPK1, was
reduced in Ripk1®°#**K384R BMDMSs under necroptosis conditions
induced by SM-164/zVAD.fmk as well as TNFo/SM-164/zVAD.fmk
(Fig. 2 H and I). On the other hand, RipkI®***®* BMDMs showed
resistance and defective RIPK1 activation in response to SM-164/
zVAD.fmk but not TNFa/SM-164/zZVAD.fmk. Correspondingly,
the activation of RIPK1 in Ripk1%°¥*** BMDM:s was blocked when
induced by SM-164/zVAD.fmk but not TNFo/SM-164/zVAD.fmk
(Fig. 2 H and ).

Ripk1*>%4® Mutation Disrupts the Formation of Complex II. In TNFa-
stimulated cells, RIPK1 is recruited rapidly to TNFR1 to form
the TNF-signaling complex (TNF-RSC, or complex I) along with
other components such as TRADD and CYLD. To determine
the effects of RIPK1 K584R on complex I, we compared the
formation of com(g)lex I using primary WT Ripkl, RipkI®3*/*,
and Ripk]®8#R/KSR MEFs generated from the same pregnant
female. We found that the recruitment and ubiquitination of
RIPK1 in complex I of TNFo-stimulated RipkI®*$*®* and
Ripk1*°3#R/KS84R MEFs decreased slightly and that of TRADD
increased slightly compared with WT MEFs, while that of the
deubiquitinase CYLD (cylindromatosis), A20 (tumor necrosis
factor a-induced protein 3), and IKKf (inhibitor of nuclear
factor k-B kinase subunit p) were not affected (Fig. 34). Simi-
larly, no strong difference was found in the recruitment of
RIPK1, TRADD, or p-IKKa/p to complex I in WT Ripkl and
Ripk1®°¥*R"* MEFs, and a partial effect in complex I was found
in Ripk]*%#R/KS8IR NEFs stimulated by TNFa/SM-164, TNFo/
SM-164/zVAD .fmk, TNFa/5Z-7, or TNFo/5Z-7/zVAD .fmk (Fig.
S3 A and B). A similar result was found in complex I of RIPK1-
deficient Jurkat cells reconstituted with hRIPK1 WT or K599R
induced by Flag-TNFa (Fig. S3C). In addition, no difference in
the recruitment of Sharpin, a key component of the MI1-
ubiquitinating LUBAC complex, which suppresses RIPK1
activation (25), was found in complex I of WT Ripkl and
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Fig. 1. The hRIPK1 K599R mutation affects RIPK1 dimerization and cell death. (A) HEK293T cells were cotransfected with Myc-tagged full-length RIPK1, Flag-
tagged RIPK1-DD WT, or Flag-tagged RIPK1-DD K599R expression plasmids as indicated for 24 h. The cells were lysed with 0.5% Nonidet P-40 buffer and
divided equally into two parts. The cell lysates were immunoprecipitated with anti-Flag antibody-conjugated agarose and anti-Myc antibody-conjugated
agarose. respectively. (B) HEK293T cells were cotransfected with Myc-tagged full-length RIPK1-4A, Myc-tagged full-length RIPK1-4A-K599R, HA-tagged full-
length RIPK1-WT, and HA-tagged full-length RIPK1-K599R expression plasmids as indicated. The cell lysates were immunoprecipitated with anti-Myc—
conjugated agarose. (C—E) HEK293T cells were cotransfected with full-length RIPK1-WT or RIPK1-K599R expression plasmids and GFP-tagged TNFR1 death
domain (C) or Myc-tagged full-length TRADD (D) or Flag-tagged full-length FADD expression plasmids (E) for 24 h. The cells were then lysed with 0.5%
Nonidet P-40 buffer. The cell lysates were immunoprecipitated with anti-Flag antibody-conjugated agarose or anti-GFP antibody as indicated. (A-E)
Immunocomplexes were analyzed by Western blotting using indicated antibodies. (F) RIPK1-deficient Jurkat cells were infected with retrovirus encoding HA-
tagged hRIPK1 WT, HA-tagged hRIPK1 K599R, and HA-tagged hRIPK1 IQIG-4A by the Tet-On Advanced Inducible Expression System. Reconstituted Jurkat cells
were treated with 1 pg/mL doxycycline for 48 h to induce the expression of RIPK1. The cells were then pretreated with 100 nM SM-164, 100 nM 5Z-7, and 1 pg/mL
CHX for 2 h and treated with 100 ng/mL TNFx and 50 pM zVAD.fmk for an additional 8 h. The cell survival was measured by CellTiterGlo. (**P < 0.01; ***P <
0.001; ****P < 0.0001.) (Lower) Western blot analysis of RIPK1 expression levels in RIPK1-deficient Jurkat cells infected with retrovirus encoding HA-tagged

hRIPK1 WT, K599R, and 4A.

Ripk1%°8#R/KS84R MEFs (Fig. S3D). Similarly, the early activation
profile of IKKo/f, JNK, ERK, p38, p-IkxBa, or degradation
of IkBa was not changed by K584R mutation (Fig. S3F).

Since the RipkI®**® mutation, especially in heterozygosity,
resulted in minimal difference in complex I but could strongly
block the activation of caspases in RDA, which is mediated by
complex II, we next analyzed its effect on binding of RIPK1 with
FADD, a critical step in the formation of complex II. We stim-
ulated MEFs with TNFo/SM-164/zVAD.fmk, where zVAD.fmk
was used to prevent the cleavage of RIPK1, and examined the
interaction between RIPK1 and FADD. We found that both
homozygous and heterozygous KS584R mutations in MEFs
strongly inhibited the interaction between RIPK1 and FADD as
well as between FADD and caspase-8 (Fig. 3B). Similarly, the
RIPK1 K584R mutation also blocked SM-164/zVAD.fmk-
induced complex II formation in primary BMDMs (Fig. 3C)
and PMs (Fig. 3D). Both the interactions of RIPK1 with FADD,
and of FADD with caspase-8, were inhibited by both heterozy-

Meng et al.

gous and homozygous K584R mutations in primary BMDMs and
PMs treated with SM-164/zVAD.fmk. On the other hand, in
RIPK1-independent apoptosis induced by TNFa/CHX, RIPK1
was not recruited into the FADD-associated complex Ila at all,
which explained why K599R/K584R mutants did not affect this
type of cell death (Fig. S3F).

We next compared the time course of RIPK1 activation during
necroptosis by analyzing the profiles of RIPK1 in three cellular
compartments, cytosol, associated with complex I, and associated
with complex II, by sequential immunoprecipitation with Flag-
TNFa and FADD, respectively. We found that in MEFs stimu-
lated by TNFa/SM-164/zVAD.fmk for 5 min, a substantial amount
of RIPK1 was already associated with complex I (Fig. 3E). How-
ever, the K584R mutation, in either homozygous or heterozygous
MEFs, had no effect on the recruitment of RIPK1 in complex I.
On the other hand, the pool of activated RIPK1 in the cytosol,
detectable mainly after 30 min TNFo/SM-164/zVAD.fmk stimulation,
was strongly inhibited in both RipkI**5*"* and Ripk]*>8*RK384R

PNAS | vol. 115 | no.9 | E2003
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Fig. 2. Ripk1<*84RK584R mytant cells are resistant to necroptosis and RDA. (A) WT, Ripk1%%8%f"* and Ripk 1¥*84R/K584R immortalized MEFs were pretreated with
25 nM SM-164 or 100 nM 5Z-7 for 2 h as indicated and then treated with 20 ng/mL TNFx and 50 pM zVAD.fmk for 3, 16, and 24 h. (B) WT, Ripk1¥°%*R""* and
Ripk 1K>84RIK584R immortalized MEFs were pretreated with 25 nM SM-164 or 100 nM 5Z-7 for 2 h as indicated and then treated with 20 ng/mL TNFa for 3, 16,
and 24 h. (C) WT, Ripk1%*%R"* "and Ripk1<>84R/K584R immortalized MEFs were pretreated with 100 nM SM-164 (S) for 2 h, and then 100 ng/mL TNFa« (T) and
50 pM zVAD.fmk (Z) were added for 1 and 3 h. The cells were lysed with 0.5% Nonidet P-40 buffer and analyzed by Western blotting with anti-MLKL antibody
after a nonreducing SDS/PAGE or with anti-p-5345-MLKL, p-5166 RIPK1, and RIPK1 antibodies in normal SDS/PAGE. (D) WT, Ripk 15584+ and Ripk 1X>84RIK584R
immortalized MEFs were pretreated with 500 nM 5Z-7 with for 1 h, and then 100 ng/mL TNFa« (T) was added for 0.5, 1, and 2 h. The cells were lysed with 0.5%
Nonidet P-40 buffer and analyzed by Western blotting with indicated antibodies. (E) WT, Ripk1<°%4’"* and Ripk1*>84R/K584R immortalized MEFs were pre-
treated with 100 nM SM-164 for 2 h and then treated with 100 ng/mL TNFa as indicated for 1, 2, and 4 h. The cells were lysed with 0.5% Nonidet P-40 buffer
and analyzed by Western blotting with indicated antibodies. (F) WT, Ripk1%*34f"* and Ripk1<>84R/K584R brimary peritoneal macrophages were treated with
TNFa/5Z-7, TNFa/5Z-7/zVAD, SM-164/zVAD, or TNFo/TPCA-1/zVAD as indicated for 2, 4, and 7 h. The cells were treated with TPCA-1/zZVAD as indicated for 7, 18,
and 24 h. (G) WT, Ripk1<°84R* and Ripk1<>84R/K584R nrimary bone marrow derived macrophages were treated with different combination of TNFa, 5Z-7, TPCA-
1, SM-164 and zVAD as indicated for 16 h. (H) WT, Ripk1*%*R"* and Ripk1X>84R/K584R hrimary bone marrow-derived macrophages were treated with 100 nM
SM-164 and 50 uM zVAD.fmk for 1 h, 2 h and 4 h. The cells were lysed with 0.5% Nonidet P-40 buffer and analyzed by Western blotting with the indicated
antibodies. () WT, Ripk1**8*""* and Ripk1%584f/K584R nrimary bone marrow-derived macrophages were pretreated with 100 nM SM-164 for 2 h, and then
100 ng/mL TNFa and 50 uM zVAD.fmk were added for an additional 10, 30, and 120 min. The cells were lysed with 0.5% Nonidet P-40 buffer and analyzed by
Western blotting with indicated antibodies. The cell survival in A, B, F, and G was measured by CellTiterGlo. Results shown are averages of triplicates + SEM
(*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Fig. 3. The Ripk1¥°%#R mutation disrupts the formation of complex lla. (A) WT, Ripk1€°4R"* and Ripk1¥>84R/K584R hrimary MEFs were treated for 100 ng/mL
Flag-TNFa for indicated time points. The cells were lysed with 0.5% Nonidet P-40 buffer and divided equally into two parts for immunoprecipitation with anti-
Flag and anti-TNFR1 antibody, respectively. All immunoprecipitated complexes and whole-cell lysates were analyzed by Western blotting with the indicated
antibodies. (B-D) WT, Ripk1¥°84R"* and Ripk1%*84R/K584R nrimary MEFs (B), primary BMDMs (C), or primary peritoneal macrophages (D) were pretreated with
50 nM SM-164 for 2 h, and then TNFa and zZVAD were added as indicated for 1, 2, and 4 h. The cells were lysed with 0.5% Nonidet P-40 buffer and
immunoprecipitated with anti-FADD antibody. The immunoprecipitated complex was then analyzed by Western blotting with caspase-8, TRADD, FADD,
and RIPK1 antibodies. (E and F) WT, Ripk1%84R"* ' and Ripk1€°84R/K584R immortalized MEFs were pretreated with 100 nM SM-164 (E) or 500 nM 5Z-7 (F) for 2 h
and 50 pM zVAD for 30 min, and then 100 ng/mL TNFa was added for 5, 30, and 60 min. The cells were lysed with 0.5% Nonidet P-40 buffer. The cell lysates
were collected and sequentially immunoprecipitated with anti-Flag and anti-FADD antibody. First immunoprecipitation (IP): The TNFR1 complex | was
immunoprecipitated using anti-Flag antibody. Second IP: the supernatants after the first IP were then immunoprecipitated with anti-FADD antibody. The
immunoprecipitated complexes and whole-cell lysates were analyzed by Western blotting with the indicated antibodies.
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MEFs. Furthermore, the activated RIPK1 was found to be asso-
ciated mainly with FADD after 30 and 60 min of TNFo/SM-164/
zVAD.fmk stimulation in WT MEFs, which was also strongly
inhibited by both homozygous and heterozygous K584R mutation.
The interaction of activated RIPK1 with RIPK3 was detected in
WT MEFs at 60 min, but not at 30 min, after the stimulation,
which was also reduced by the K584R mutation. Thus, RIPK1-DD
is predominantly required for RIPK1 activation during the tran-
sition from complex I to complex II in necroptosis.

We also analyzed the time course of RIPK1 activation in RDA
using sequential immunoprecipitation. In MEFs stimulated by
TNFo/5Z-7 for 5 min, highly ubiquitinated RIPK1 was found to
be associated with complex I, which was not changed by the
K584R mutation (Fig. 3F). Activated RIPK1, both in the cytosol
and in association with FADD in complex Ila, was detected at
30 min after stimulation in WT MEFs, which was strongly
inhibited by both heterozygous and homozygous K584R muta-
tion. Thus, residue K584 in RIPK1-DD is important for pro-
moting the activation of RIPK1 and is required for the formation
of complex Ila in RDA as well.

RIPK1 K584R Mutation Does Not Directly Block RIPK1 Kinase Activity.
To determine if K599R mutation in RIPK1 might directly block
RIPK1 kinase activity, we overexpressed hRIPK1 WT and
hRIPK1 K599R in RIPK1 knockout 293T cells. We found that
the levels of p-S166 RIPKI1 in cells expressing WT and K599R
RIPKI1 were comparable and that both were effectively inhibited
by Nec-1s (Fig. 44 and Fig. S44). In addition, we purified re-
combinant death domain proteins of WT and K599R RIPK1 and
compared their thermal stability. We found that the thermal sta-
bilities of WT and K599R death domains were very similar (Fig. S4
B and C), suggesting that KS99R mutation did not destabilize the
DD structure, which is consistent with its protein surface location.

We next compared the activation of RIPK1 in WT Ripk! and
Ripk]®8#RISS4#R MEFs stimulated with TNFoa/SM-164 or TNFo/
5Z-7 for a short time (15-30 min). The activation of RIPK1, as
indicated by p-S166 RIPK1, was strongly inhibited by K584R
mutation (Fig. 4B and Fig. S4D). The extent of RIPK1 inhibition
by K584R mutation in this assay was comparable to that of D138N
RIPK1 mutation, which directly inhibits the catalytic kinase ac-
tivity of RIPK1 (Fig. 4C and Fig. S4E).

Taken together, our results revealed that, while the K584R
mutation did not directly inhibit RIPK1 kinase activity or affect
the biophysical properties of RIPK1-DD, it strongly inhibited the
activation of RIPK1 and formation of complex II in RDA and
necroptosis.

Defect of K584R Mutation Can Be Overcome by Forced Dimerization.
To test if the K584R mutation blocks the activation of RIPK1 in
necroptosis by preventing homodimerization, we engineered
RIPKI1 knockout 1.929 cells to express an inducible and dimer-
izable RIPK1 construct with fused FKBP at the C terminus of
RIPK1. The addition of AP20187 and zVAD.fmk effectively
induced the activation of RIPK1 and necroptosis, which was
blocked by genetic inactivation of RIPK1 using the D138N or
K45M mutation or by pharmacological inhibition of RIPK1 using
Nec-1s. Interestingly, while D138N RIPK1 and K45M RIPK1 re-
mained inactive upon forced dimerization, K584R mutation in this
forced dimerization system was unable to prevent the cell death or
RIPKI1 activation as shown by p-S166 of RIPK1 (Fig. 4 D and E).
This result suggests that K584/K599 in the DD regulates the kinase
activity of RIPK1 by mediating RIPK1 dimerization, which can be
bypassed upon forced dimerization.

Ripk1*58%R Mice Are Resistant to TNFa-Induced SIRS. SIRS is a serious
condition characterized by cytokine storm, organ failure, and le-
thality (26). SIRS can be modeled in mice by i.v. delivery of TNFa.
Both necroptosis and RDA are known to be critically involved in
mediating TNFa-induced SIRS (27, 28). WT Ripkl, RipkI®%*R"*,
and RipkI®8F/K8R mouse littermates at 6-8 wk of age were in-
jected iv. with mTNFa« to induce SIRS. We found that, while WT
mice experienced hypothermia and died by 16 h, RipkI®****™* mice
exhibited dramatically less hypothermia and improved survival, and
Ripk I'O3#R/S8IR mice were completely resistant to hypothermia
and TNFa-induced lethality (Fig. 5 4 and B).

Consistent with their resistance to TNFa injection, the thymus
of WT mice, but not RipkI®*%*F* and Ripk1®5*R/K8IR pjce,
showed significant caspase activation (Fig. 5C). Inhibition of
RIPK1 activation by K584R mutation also reduced inflammatory
response as shown by reduction of interleukin-6 (IL6) release upon
TNFa administration in RipkI®%** and Ripk]®8*R/K84R mice
compared with that in WT mice (Fig. 5D). Thus, the K584R
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Fig. 4. The RIPK1 K584R mutation does not directly block RIPK1 kinase activity. (A) RIPK1 KO 293T cells were transfected with Myc-tagged RIPK1 WT or
K599R in the absence or presence of 10 uM Nec-1s. The cell lysates were collected 24 h after transfection and analyzed by Western blotting with the indicated
antibodies. (B and C) WT and Ripk1X584R/K584R (B) and WT and Ripk1P?38N/P138N () immortalized MEFs were pretreated with 100 nM SM-164 2 h and then
treated with 100 ng/mL TNFa for 5, 15, and 30 min. The cells were lysed with 0.5% Nonidet P-40 buffer and analyzed by Western blotting analysis of p-5166
RIPK1 and RIPK1 antibodies as indicated. (D and E) RIPK1 KO L929 cells were infected with retrovirus encoding Flag-tagged mRIPK1 WT-FKBP, K584R-FKBP,
K45M-FKBP, and D138N-FKBP by the Tet-On Advanced Inducible Expression System. RIPK1-reconstituted L929 cells were treated with 1 pg/mL doxycycline for
48 h to induce the expression of RIPK1. The cells were then pretreated with 10 pM Nec-1s for 30 min and then treated with 1 nM AP20187 and 50 uM zVAD.fmk.
The cell survival was measured with CellTiterGlo (D). The RIPK1 kinase activity was analyzed by Western blotting with the indicated antibodies (E).
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Fig. 5. Ripk1%*%%R mice are protected against TNFa-induced SIRS. (A) Body temperatures of 6 male WT, 10 male Ripk1¥°%4R"* and 11 male Ripk1K584R/k584R
mice (6-8 wk old) were measured 10 h after i.v. injection with 500 pg/kg mTNFa (~10 pg/mouse). (B) Survival curves of 8 male WT and 9 male Ripk1%*5%f"* and
12 male Ripk1<*84R/K584R mice (6-8 wk old) injected with mTNFa intravenously. (C) Five WT, one Ripk1¥°8?R™*  and four Ripk1¥584R/K584R mice (8-10 wk old) were
injected with mTNFa. A WT mouse, a Ripk1*3*"* mouse, and a Ripk1<°8#R/584R moyse (8-10 wk) were injected with vehicle PBS as control. Thymi were
harvested from five WT mice immediately after they died from mTNFa injection, or from other mice 48 h after injection. The tissues were lysed and analyzed
by Western blotting with corresponding antibodies. (D) Serum concentrations of IL6 were demonstrated using ELISA after mTNF« injection at the indicated

time points. Eight male WT, six male Ripk1<>84R"+

, and seven male Ripk

1K584RIKSE4R mice (6-8 wk old) were analyzed. (E) Model showing that, in cells stim-

ulated by TNFa, RIPK1 is rapidly recruited into TNFR1 with TRADD, TRAF2, clAP1/2, etc., to form complex I, which exists for 5-15 min. During the transition of
complex | to complex Il, RIPK1 undergoes dimerization, which leads to its activation. Activated RIPK1* then binds to FADD. In apoptosis-competent cells, the
RIPK1*/FADD complex in turn binds to caspase-8 (complex Ila) to mediate caspase activation and apoptosis. When caspase-8 fails to be activated, the RIPK1*/FADD/
caspase-8 complex binds with RIPK3 to form complex Ilb, which executes necroptosis by mediating the activation and oligomerization of MLKL.

RIPK1 mutation protects mice against TNFa-induced SIRS,
similarly to inhibiting the kinase activity of RIPK1 by D138N

knockin mutation or Nec-1s (28, 29).

Discussion

In this paper, we demonstrate that K599 (human)/K584 (mouse)
in the C-terminal DD of RIPK1 distal from its N-terminal kinase
domain is critically involved in mediating the activation of
RIPK1 kinase in both necroptosis and RIPK1-dependent apoptosis
(Fig. 5E). Our results suggest that RIPK1-DD-mediated dimer-
ization is critical in promoting the activation of RIPK1 during the
transition from complex I to complex II in TNFa-stimulated cells

Meng et al.

under both necroptosis and RDA conditions. Furthermore, we
show that the K599R/K584R mutation in RIPK1-DD is sufficient
to block RIPK1 activation in the cytosol and the formation of
complex II, but has a minimal effect on its recruitment or ubig-
uitination in complex I. Since the K599R mutation blocks the
DD-DD interaction of RIPK1 but not with the DDs of TNFR1,
TRADD, or FADD, K599/K584 is a residue important for RIPK-
1 DD homodimerization, but less so for heterodimerization. Fur-
thermore, since KS99R/K584R affects the dimerization and acti-
vation of RIPK1, but does not affect the recruitment of RIPK1 into
complex I, our results suggest that the heterodimerization of
RIPK1 with other DDs is distinguishable from its homodimerization.
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While artificial dimerization of the truncated RIPK1 kinase
domain has long been known to be able to activate its kinase
activity (30), the molecular mechanism that may promote the
dimerization of RIPK1 under physiological conditions has been
unclear until now. We propose that K599/K584 is directly in-
volved in mediating RIPK1-DD homodimerzation and RIPK1
kinase activation in necroptosis and RDA induced by TNF« in
vitro and in vivo. K599/K584 is localized in a2-o3 helices of the
RIPK1-DD, a region in the DDs of other family members, including
Fas, FADD, and TNFR1, which are directly involved in homo-
and hetero-association of DDs in structural studies (21, 31, 32).
Our study does not rule out that K599/K584 might be subject to
modification, e.g., ubiquitination, acetylation, or methylation.
However, since the defect of K584R can be overcome by forced
dimerization, the effect of such modification, if it exists, is likely
to affect RIPK1 dimerization. Our study suggests that a subtle
change in a key residue involved in protein—protein interaction
can be sufficient to selectively block homodimerization but not
heterodimerization.

We show that RIPK1 DD dimerization-mediated activation of
RIPK1 is essential for its interaction with FADD to form complex
II. Furthermore, we show that the interaction of activated RIPK1
with FADD occurs temporally first under necroptosis conditions,
before the binding with RIPK3 is detected. This is consistent with
apoptosis being the primary mechanism in apoptosis-competent
cells; unless the interaction of activated RIPK1 with FADD fails to
launch the activation of caspase-8, RIPK3 may not be recruited to
promote the activation of necroptosis.

Consistent with the dimerization model in mediating the acti-
vation of RIPKI, the control of RIPK1 may be regulated in a
RIPK1 concentration-dependent manner. For example, while the
heterozygous K584R mutation effectively blocks RIPK1 kinase
activation in MEFs, which express lower concentrations of RIPK1,
it is not sufficient to block the activation of RIPK1 in TNFa/SM-
164/zVAD .fmk-stimulated BMDMs, which express higher levels of
RIPK1 than that of MEFs. Thus, the regulation of RIPK1 activa-
tion may exhibit cell-type specificity based on its expression levels
and modification. Furthermore, we predict that, under pathological
conditions when RIPK1 expression is induced, the control of its
activation might be different from that of WT cells under control
conditions. Understanding the dynamic control of RIPK1 kinase
activation is critical to developing effective therapies for the treat-
ment of human inflammatory and degenerative diseases.

Materials and Methods

Reagents and Antibodies. The following commercial antibodies and reagents
were used in this study: RIPK1 (Cell Signaling Technology 3493); p-S166 RIPK1
(Cell Signaling Technology 31122); TNFR1 (R&D Systems AF-425-PB); Myc (Sigma
Aldrich C3956); GFP (Santa Cruz sc-9996); FADD [Abcam ab124812 and Santa
Cruz (6036)]; a-Tubulin (Sigma-Aldrich T9026); B-actin (Santa Cruz 81178); Flag
(Cell Signaling Technology 2368); p-S345 MLKL (Abcam ab196436); IkBa, p- IkBa,
p-p38, caspase-8, caspase-3, cl-caspase-8, and cl-caspase-3 (Cell Signaling Tech-
nology); Flag, Myc antibody-conjugated agarose (Sigma); SYRO Orange Protein
gel stain (Life Technologies s6651); 5Z-7 (Sigma-Aldrich 09890); and Flag-TNFa
(Enzo, Life Sciences).

Cell Culture. HEK293T, MEFs, L929, and BMDM cells were cultured in DMEM
(Gibco) with 10% (vol/vol) FBS (Gibco) and 100 units/mL penicillin/strepto-
mycin. Jurkat cells were cultured in RPMI-1640 (Gibco) with 10% (vol/vol) FBS
(Gibco) and 100 units/mL penicillin/streptomycin. All cells were cultured in
37 °C with 5% CO,.

Statistics. Data are expressed as the mean + SEM. Error bars indicate SEM.
Pairwise comparisons between two groups were performed using the Stu-
dent’s t test. Differences were considered statistically significant if *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, or not significant (ns). At least
three independent biological repeats were included in each data point. Each
experiment was repeated at least three times.
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Mice. Ripk1K°84RIKS84R | nock-in mice were generated by mutating the con-
served lysine (AAA) at position 584 to arginine (AGG) via CRISPR/Cas9 system.
The sgRNA and donor constructs were injected into embryonic stem cells
derived from C57BL/6J mice. sgRNA (5'-CTCAGTGAAGCCCAGCTTGC-3')-
targeted exon 11 directed Cas9 endonuclease cleavage of the Ripk1 gene
and created a double-stranded break. Such breaks are repaired by donor
vector-mediated homology-directed repair to result in mutation (codon
584K to 584R). To disrupt the sgRNA recognize site, we also introduced an
amino acid synonymous mutation at the A587 site (GCC to GCA) (Fig. S2A).
The Ripk1/*84R/K584R mice were backcrossed with C57BL/6) for eight generations.

Genotyping of K584R mice was conducted with mouse-tail DNAs by PCR
(95 °C, 5 min; 95 °C, 30's; 58 °C, 30's; 72 °C, 45 s; 72 °C, 5 min; 10 °C, hold,
35 cycles) and confirmed by sequencing analysis. The PCR primers used
for genotyping were the following: forward primer—5-GTACTGAAGAAG-
GAATGGAGCTGAG-3’; reverse primer—5-AGTTTATTGGGCACAGGGAACAG-
TG-3'; and sequencing primer—5-AATCCAAGTCCCAGAGAGACAAAGG-3'.
Mice were housed and cared for in a specific pathogen-free environment,
and all animal procedures were performed according to the protocols
approved by the Standing Animal Care Committee at Interdisciplinary
Research Center of Biology and Chemistry, Shanghai Institute of Organic
Chemistry.

Viability Assays. General cell survival was measured by the ATP luminescence
assay CellTiterGlo (Promega). The percentage of viability was normalized to
readouts of untreated cells of each genotype.

Lentivirus Production and Infection. pTet-On puro vector carrying hRIPK1-WT,
hRIPK1-K599R, hRIPK1-1QIG-4A, mRIPK1-WT-FKBP, mRIPK1-K45M-FKBP, and
mRIPK1-WT-D138N-FKBP was transfected individually into 293T cells with
VSVG and GAG plasmids for 48 h. Harvested supernatant media from
transfected 293T cells was filtered with a 45-uM membrane. Filtered media
containing retrovirus particles was used to infect target cells.

Immunoprecipitation. Cells were lysed with Nonidet P-40 buffer (120 mM Nacl,
10 mM Tris-HCl at pH 7.4, 1 mM EDTA, 0.2% Nonidet P-40, 10% glycerol)
supplemented with 1 mM PMSF, 1x protease inhibitor mixture (Roche), 10 mM
p-glycerophosphate, 5 mM NaF, and 1 mM Na3VO,. Debris was precipitated,
and the lysate was incubated with an antibody overnight at 4 °C. The
immunocomplex was captured by protein A/G agarose (Life Technologies)
with the appropriate antibodies for 1-2 h at 4 °C. Beads were washed four
times, and the immunocomplex was eluted from beads by loading buffer.

ELISA. The blood obtained from mouse tail veins was centrifuged to remove
cell debris. The levels of IL6 were determined using ELISA kits according to the
manufacturer’s instructions (R&D Systems).

Protein Purification. The human RIPK1 death domain (583-671 aa) was
expressed as N-terminal Trx-6*His fusion proteins in Escherichia coli BL21
(DE3) following overnight induction at 4 °C and purified by Ni** affinity
resin (GE Healthcare). Proteins were eluted from a Ni-NTA column by a
buffer of 25 mM Tris (pH 7.5), 500 mM NacCl, and 300 mM imidazole. The
eluted proteins were purified by a Superdex 200 column using the buffer
containing 25 mM Tris (pH 7.5), 300 mM NacCl, and 1 mM DTT.

Thermal Shift Assay. Recombinant human RIPK1 WT and mutant K599R death
domains (4 pM, 6 pM) were mixed with the dye in a final reaction volume of 10 pL.
The protein thermal stability was analyzed by differential scanning calorimetry on
a 7500 Fast Real-Time PCR System according to the manufacturer’s recommen-
dations using a melt protocol of 25 °C to 95 °C at a 1% ramp rate (equivalent to
0.015 °Us). Data were analyzed using the Protein Thermal Shift Software.
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