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ABSTRACT: Potent inhibitors of RIP1 kinase from three
distinct series, 1-aminoisoquinolines, pyrrolo[2,3-b]pyridines,
and furo[2,3-d]pyrimidines, all of the type II class recognizing
a DLG-out inactive conformation, were identified from
screening of our in-house kinase focused sets. An exemplar
from the furo[2,3-d]pyrimidine series showed a dose propor-
tional response in protection from hypothermia in a mouse
model of TNFα induced lethal shock.
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Necrosis is a highly inflammatory form of cell death that is
thought to be involved in the pathogenesis of a wide

variety of human diseases.1 The inflammation induced by
necrotic cell death is primarily due to disruption of the plasma
membrane and the unregulated leakage of danger associated
molecular patterns (DAMPs), intracellular components that
potently activate the innate immune system when released into
the extracellular matrix.2 Historically, necrosis has been
considered an uncontrolled form of cell death that is refractory
to therapeutic intervention. However, more recent work has
shown that necrosis can be a programmed and tightly regulated
event, which offers a novel opportunity for the treatment of
diseases driven by necrotic cell death.
One form of orchestrated necrotic cell death, termed

programmed necrosis (or necroptosis), is induced by TNFα
and dependent upon RIP1 (receptor interacting protein 1)
kinase activity.3 This pathway was initially identified following a
cell based screen in which Degterev et al. identified a series of
small molecules, termed Necrostatins, that blocked the necrotic
death of human monocytic U937 cells induced by treatment
with TNFα and the caspase inhibitor zVAD.fmk.4 These were
subsequently identified as RIP1 kinase inhibitors5 and were
shown to have efficacy in animal models of ischemia/
reperfusion injury in the brain,6 retina,7 and kidney,8 as well
as models of myocardial infarction9 and retinal detachment.10

Recent data from genetically manipulated mouse models has
further highlighted the role for RIP1-dependent necroptosis as
a key driver of the pathogenesis of inflammation and disease in
the intestine and the skin.11−13 Additionally, the effects of RIP1

kinase activity are not limited to cell death, as RIP1 kinase
activity has also been implicated as a direct driver of
proinflammatory cytokine production.14

Recently, Shi et al. have reported the cocrystal structures of
several necrostatins bound in a hydrophobic pocket between
the N- and C-lobes of the Rip1 kinase domain. These inhibitors
interact with highly conserved amino acids in the activation
loop and surrounding structural elements to stabilize RIP1 in
an inactive conformation.15

The reported Necrostatins have moderate potency and poor
pharmacokinetic properties rendering them unsuitable for
development as therapeutics. In order to identify novel
inhibitors of RIP1 kinase activity, we developed a fluorescence
polarization (FP) biochemical assay. Since expression of the full
length protein containing the death domain led to insoluble
protein, not suitable for assay development, we used the kinase
domain of RIP1 (1−375).
Screening of the GSK kinase inhibitor libraries identified a

number of inhibitors of RIP1 characteristic of the type II kinase
inhibitor class that target the inactive DFG-out conformation.16

This conserved DFG (Asp-Phe-Gly) sequence (or more rarely
D[LWY]G) is located immediately before the activation loop
and it adopts a different conformation in which the aspartate
and phenylalanine side chains change positions and point in
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opposite directions compared to the active “DFG-in”
orientation. The phenylalanine moves inward to partially
obstruct the ATP-binding site. This rearrangement creates a
new hydrophobic allosteric binding pocket, adjacent to the
ATP-binding site. In RIP1 this Asp-Phe-Gly sequence on the
activation loop is Asp-Leu-Gly (DLG).
Some common features are present in these type II kinase

inhibitors as shown in Figure 1. They contain a heterocycle that

forms one or two hydrogen bonds with the kinase hinge residue
and a hydrophobic aryl moiety occupying the new allosteric
hydrophobic pocket. In addition, the inhibitors contain an aryl
urea (or amide) moiety linking the hinge-binding heterocycle
to the hydrophobic moiety, which makes additional hydrogen
bond interactions to an aspartate-backbone NH and a highly
conserved glutamate side chain of the α-C helix.17

Several series that are characteristic of type II kinase
inhibitors were identified from the GSK kinase screening sets;
whereas only a single type I series was identified with a very
poor kinase selectivity profile. The superior kinase selectivity
profile of the type II inhibitors is thought to be due to the
amino acid residues around the newly formed hydrophobic
binding pocket being less conserved compared to the residues
that form the ATP binding pocket.18 The type II series profiled
in Table 1 have a 1-aminoisoquinoline as the hinge binder and
a meta-(trifluoromethyl)phenyl as the hydrophobic aryl
moiety.19 The meta (trifluoromethyl)-phenyl is a common
moiety found in multiple type II kinase inhibitors, such as the
VEGFR2/b-Raf inhibitors Sorafenib and Regorafenib, and is
thought to target a conserved hydrophobic subpocket in the
allosteric site.17 In addition to the trifluoromethyl meta
substituent, fluoro-substitution around the aryl ring led to
modest changes in potency except at the 2-position (compound
5) where activity was largely lost. Substitution at the 6-position
by chlorine also led to a large drop off in potency (compound
7). However, replacement of the meta-(trifluoromethyl)-phenyl
with a tert-butylisoxazole (compound 8) showed equivalent
efficacy.
In addition to the FP binding assay we also utilized an ADP-

Glo kinase activity assay, a luminescent kinase assay measuring
the ADP formed during autophosphorylation of RIP1. In
general the potency of the compounds in both the FP binding
assay and the ADP-Glo activity assay correlated reasonably well.

To measure cellular activity we examined the ability of our
active compounds to prevent the necrotic death of human
monocytic U937 cells induced by treatment with TNFα and
the caspase inhibitor zVAD.fmk, as described by Degterev et
al.4 In general the potency of the compounds in the cell based
assay were about 10−50-fold weaker than the biochemical
potencies. In this series, the optimal inhibitors in terms of both
biochemical and cellular potencies were compounds 1 and 8.
However, the moderate cellular potencies observed did not
support advancing this series into in vivo models.
To confirm the binding mode of this series in RIP1, we

obtained a cocrystal structure of compound 8 bound in RIP1
(1−324) as shown in Figure 2. Structure determination was
done by molecular replacement using the atomic coordinates of

Figure 1. Binding modes of type II kinase inhibitors.

Table 1. 1-Aminoisoquinolines
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LIMK1 kinase domain (PDB code 4NEU) as a search model
(see Supporting Information for details). The X-ray structure of
the RIP1 kinase domain was refined to 2.6 Å resolution
(Figures 2 and S1−3 and Table S1, Supporting Information).
There are two molecules in the asymmetric unit referred to as
molecule A and B, respectively. Both chains are similar enough
for discussion of one chain. RIP1 (1−324) model has the
canonical kinase fold with an N-lobe and a C-lobe connected by
an intervening hinge. Residues 166−187 of the activation loop
and the N- and C-termini are disordered and not modeled. The
model starts at residue 7 and ends at residue 313.
The X-ray structure confirms compound 8 is a type II kinase

inhibitor and binds to a DLG-out inactive form of RIP1,
distinct than the inactive conformation observed for Rip1
cocrystallized with the necrostatins.15 The 1-aminoisoquinoline
heterocycle of 8 is a two point hinge binder and forms H-bonds
to the backbone N and CO of residue Met 95. The isoquinoline
is sandwiched between Tyr 94 and Ile43 on one side and
Leu145 on the opposite face. A bifurcated H-bond occurs
between the side chain of Glu63 and the urea portion of 8.
Glu63 is part of the c-helix, common to kinases. A fourth H-
bond occurs between the backbone amide of Asp156 and the
carbonyl oxygen of the urea. Asp156 is part of the DLG motif.
The isoxazole heterocycle sits deep in the allosteric pocket
created by the DLG-out conformation and partially defined by
the C-helix. The pocket is extremely hydrophobic and defined
by amino acids Met66, Met67 (C-helix), Leu70, Val75 (loop
following C-helix), Leu129, Val134 (catalytic loop), and
Leu159 (after DLG). The tert-butyl group resides in a mostly
hydrophobic subpocket comprising Leu70, Val75, Val76,
Leu129, Val134, His136, Ile154, and Ala155.
A second series identified from screening utilized the 5-

phenylpyrrolo[2,3-b]pyridine heterocycle as the hinge binder,
as shown in Table 2.20 The unsubstituted urea (compound 9)
had only weak potency, but small substitutions at the 3-position
(entries 10−14) gave up to 1000-fold increase in activity.
These small groups are presumably targeting the same
lipophilic subpocket where the tert-butyl group of the 1-
aminoisoquinolines series was shown to occupy in the cocrystal
structure shown in Figure 2. With regards to both enzymatic
and cellular potencies, the 3-trifluoromethyl substitution was

optimal. The nonaromatic cyclopentyl urea (compound 16)
had weak activity.
Table 3 shows the SAR resulting from substitution at the aryl

ring at the 5-position of the pyrrolo[2,3-b]pyridine, with a 5-
fluoro-3-(trifluoromethyl)phenyl ring at the urea occupying the
hydrophobic pocket. In general, activity was well maintained
with the meta-pyridyl (compound 18) giving excellent
potencies in both the biochemical ADP-Glo (4 nM) and
cellular U937 (6.3 nM) assays. Despite their excellent in vitro
potencies, both the pyrrolo[2,3-b]pyridines 18 and 20 had
minimal systemic oral exposures when examined in both rat
and mouse which would not support evaluation in an in vivo
model.
A third series we identified with a more promising

pharmokinetic profile was the furo[2,3-d]pyrimidines as
detailed in Table 4.21 The SAR around the urea shows similar
preference for small groups at the meta position as observed in
the previous series. As observed with the 1-aminoisoquinolines
series, fluoro substitution at the 2 position (compound 28) or
chloro substitution at 6 position (compound 30) were
detrimental to potency. Similar to compound 8 in the 1-
aminoisoquinoline series, incorporation of the tert-butylisox-
azole urea 35 was favorable and quite comparable to the 5-
fluoro-3-(trifluoromethyl)phenyl urea 27.

Figure 2. Co-crystal structure of Rip1 (1−324) and 1-aminoisoquino-
line 8.

Table 2. 5-Phenylpyrrolo[2,3-b]pyridines
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The kinase selectivity profiles of representative exemplars
from each of the series were obtained against 300 kinases using
a P33 radiolabeled assay at Reaction Biology Corporation
(RBC).22 Each compound was tested at 1 μM concentration in
duplicate against each kinase with 10 μM ATP and >50%
inhibition was defined as being active. RIP1 kinase was not
included in this RBC selectivity panel. The pyrrolo[2,3-
b]pyridine series showed the highest kinase selectivity, with
two exemplars 17 and 18 inhibiting 7 and 15 of the 300 kinases,
respectively. The furo[2,3-d]pyrimidine 27 inhibited 25 kinases
of the 300 asssayed at 1 μM. The least selective series was the
1-aminoisoquinolines, with compounds 1 and 8 showing
activity against 30 and 46 kinases, respectively.
The furo[2,3-d]pyrimidine 27 possessed good systemic

exposure in the mouse following oral administration with an
AUC of 14 ± 7 μg·h/mL and a Cmax of 1100 ng/mL at 4 h
(Figure 3). Compound 27 was therefore selected for further
evaluation in vivo using a mouse model of TNFα induced lethal
shock. In this model, injection of TNFα leads to a systemic
inflammatory response, characterized by hypotension, hepatitis,
hypothermia, and bowel necrosis. Duprez et al. have reported
that the RIP1 kinase inhibitor necrostatin, administered
intravenously, showed significant protection from hypothermia
and death in this model.23 Compound 27 was dosed orally 15
min prior to TNFα injection and showed 15%, 22%, and 77%
protection from body temperature loss over 7 h, compared to
TNFα alone, at doses of 0.2, 2.0, and 20 mg/kg, respectively

Table 3. 5-Arylpyrrolo[2,3-b]pyridines Table 4. Furo[2,3-d]pyrimidines
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(Figure 4). Compound 27 has a relatively moderate molecular
weight (431.3) and ClogP (4.2) and good permeability (210

nm/sec), but requires further lead optimization to address its
low solubility (13 μM) and high protein binding (0.04% free
fraction in mouse).
In conclusion, we have identified 3 distinct type II inhibitors

of RIP1 kinase (1-aminoisoquinolines, pyrrolo[2,3-b]pyridines,
and furo[2,3-d]pyrimidines) with potent activity in both
biochemical and cellular assays. A cocrystal structure of a 1-
aminoisoquinoline in the RIP1 kinase domain shows the
inhibitor occupying the ATP binding pocket with the kinase
adopting a DLG-out conformation. An exemplar from the
furo[2,3-d]pyrimidine series showed excellent mouse exposure
dosed orally and gave a dose proportional response in
protection from hypothermia in a mouse model of TNFα
induced lethal shock. Further exploration of these promising
RIP1 kinase inhibitors is underway to determine their utility in
the clinic.
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