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Abstract The serine/threonine kinase c-Jun N-terminal kinase (JNK) 3 is
implicated in the pathogenesis of various disorders ranging from neurodegenerative
diseases to inflammation, metabolic disease, diabetes, liver diseases, and cancer.
Although the number of publications reporting on JNK3 inhibitors has been
decreasing in the last few years, this enzyme still constitutes an attractive target.
Within the last years, significant progress in the design of JNK3 inhibitors displaying
good to excellent selectivity versus other protein kinases has been achieved.
However, the development of a JNK-isoform-selective JNK3 inhibitor, which may
serve as a tool compound in animal studies to further evaluate the role of JNK3
as a therapeutic target, is highly desirable. This chapter summarizes the progress
in the development of reversible and irreversible inhibitors of JNK3.

Keywords c-Jun N-terminal kinase 3, Covalent inhibitors, JNK3, MAP kinase
family, Reversible inhibitors, Selectivity

P. Koch (*)
Department of Pharmaceutical and Medicinal Chemistry, Institute of Pharmaceutical Sciences,
Eberhard Karls Universität Tübingen, Tübingen, Germany
e-mail: pierre.koch@uni-tuebingen.de

http://crossmark.crossref.org/dialog/?doi=10.1007/7355_2020_98&domain=pdf
https://doi.org/10.1007/7355_2020_98#DOI
mailto:pierre.koch@uni-tuebingen.de


Abbreviations

AP Activation protein
ATF Activating transcription factor
CYP450 Cytochrome P450
EGFR Epidermal growth factor receptor kinase
JNK c-Jun N-terminal kinase
MAP Mitogen-activated protein
SAPK Stress-activated protein kinases
SAR Structure-activity relationships

1 Introduction

The c-Jun N-terminal kinases (JNKs) are serine/threonine kinases belonging to the
family of mitogen-activated protein (MAP) kinases. First members of this enzyme
class were discovered in the early 1990s and originally termed as stress-activated
protein kinases (SAPKs). Three different isoforms with molecular weights ranging
from 46 to 55 kDa have been classified within this group, namely, JNK1 (also known
as SAPK-γ/MAPK8), JNK2 (SAPK-α/MAPK9), and JNK3 (SAPK-β/MAPK10),
which are encoded by the three distinct genes jnk1, jnk2, and jnk3, respectively
[1, 2].

The JNKs are activated by different forms of cellular stress via the classical MAP
kinase signaling cascade by tandem phosphorylation by two upstream kinases, in
detail by a MAP kinase kinase kinase and by MAP kinase kinases 4 or 7 (Fig. 1) [4].
Activated JNK can phosphorylate a broad subset of downstream targets including
both transcription factors and nonnuclear substrates [3].

Phosphorylation of c-Jun, which takes part in the formation of the activation
protein (AP)-1, increases the transcriptional activity of this complex. An analogous
effect derives from the phosphorylation of the activating transcription factor
(ATF)-2, which modifies gene expression through the formation of dimers with
members of the Jun family [5]. Besides these two well-characterized pathways,
JNKs can also act on additional nuclear targets, thereby modulating their
effects on gene transcription (Fig. 1). Furthermore, the members of the JNK family
phosphorylate cytosolic and mitochondrial substrates resulting in a modification
of their functionality or in the regulation of their stability [3].

Due to diverse downstream targets, the JNKs are involved in various
physiological functions. These kinases are implicated in the regulation of cell
survival/apoptosis in response to external stimuli. The role of JNKs in cell death
has been described as bivalent, since it depends on the entity of the stimulus and
on the signal integration with additional pathways.
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Fig. 1 Representation of the different substrates of JNK. The figure was realized using the
information from Bogoyevitch and Kobe [3]
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Whereas JNK1 and JNK2 are present in all cells and tissues of the human
body, JNK3 is almost exclusively expressed in the brain and to a lesser extent
in the testis and heart. The deregulation of JNK3 is linked to several disorders
ranging from neurodegenerative diseases, like Parkinson’s and Alzheimer’s disease,
to inflammation, metabolic diseases, diabetes, liver diseases, and cancer [6–8].

Nevertheless, the design of isoform-selective JNK inhibitors is very challenging
as JNK1, JNK2, and JNK3 share more than 80% sequence identity. In particular,
the sequence comprising the ATP-binding site or the surrounding area is highly
conserved among the isoforms (Fig. 2). In these regions, the JNK3 displays 98%
and 95% similarity to JNK1 and JNK2, respectively.

The JNK3 has become an attractive therapeutic target. Several inhibitors targeting
this enzyme have been reported from both pharmaceutical industry and academia
in the last two decades. However, there are only few reported examples of JNK3
inhibitors that display selectivity versus the other JNK isoforms. For reviews about
inhibitors of the JNKs, see Koch et al. [9] and Gehringer et al. [10]

A limited number of small molecule inhibitors of JNKs have been investigated in
clinical trials (Table 1). Most of them are ATP-competitive inhibitors (GL5001,
CC-401, and CC-930) showing no intra-JNK selectivity. The structure as well as the
mechanism of action of CC-90001 is undisclosed. Nevertheless, no JNK3 inhibitor
has been launched into the market yet. The phase II clinical trial studies of CC-401
and CC-930 were terminated because of an unfavorable benefit/risk profile.

An alternative strategy to target the JNKs is represented by the retro-inverso
peptide inhibitor XG-102 (formerly referred to as AM-111) developed by Xigen SA
[11, 12]. While tanzisertib, bentamapimod, and CC-401 are classical type I inhibitors

Glycine rich loop N-lobe (1)
JNK1 I32 G33 S34 G35 A36 Q37 G38 I39 A53 I54 K55

JNK2 I32 G33 S34 G35 A36 Q37 G38 I39 A53 V54 K55

JNK3 I70 G71 S72 G73 A74 Q75 G76 I77 A91 I92 K93

C-helix N-lobe (2)
JNK1 R69 E73 L74 M77 I86 L88 I106 V107

JNK2 R69 E73 L74 L77 I86 L88 L106 V107

JNK3 R107 E111 L112 M115 I124 L126 L144 V145

Hinge-region C-lobe
JNK1 M108 E109 L110 M111 D112 A113 N114 C116 D151 K153

JNK2 M108 E109 L110 M111 D112 A113 N114 C116 D151 K153

JNK3 M146 E147 L148 M149 D150 A151 N152 C154 D189 K191

C-lobe (continued) DFG-motif
JNK1 P154 S155 N156 I157 V158 L168 D169 F170 G171

JNK2 P154 S155 N156 I157 V158 L168 D169 F170 G171

JNK3 P192 S193 N194 I195 V196 L206 D207 F208 G209

Fig. 2 Sequence alignment of JNK1, JNK2, and JNK3 in the catalytic cleft and adjacent area.
Differences in amino acid sequence in the N-lobe and C-helix are highlighted
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binding reversibly to the ATP-binding site, the retro-inverso peptide inhibitor
XG-102 occupies the docking site of the JIP scaffold protein. XG-102 consists of
30 D-configured amino acids and 1 glycine residue (Fig. 3). Clinical phase III trials
for treatment of hearing loss as well as for post-cataract surgery inflammation
and pain were recently completed for this peptide inhibitor.

2 Reversible Inhibitors

2.1 Prototypical JNK Inhibitor SP600125

One of the first reported small molecule JNK3 inhibitors is 1,9-pyrazoloanthrone
(SP600125), an ATP-competitive pan-JNK inhibitor developed by Celgene (Fig. 4)
[13]. SP600125 was one of the first JNK inhibitors displaying selectivity versus
the related p38α MAP kinase, which is also a member of the MAP kinase family.
Although SP600125 has been described to be lacking selectivity within the kinome
[14, 15], it is a widely used reference compound in biological JNK assays [16–18].
SP600125 binds to the ATP-binding site of the JNKs and forms two hydrogen
bond interactions with the hinge region. The N1-atom accepts a hydrogen bond
from the backbone amide group of Met111 (JNK1 numbering), and the NH group
at the 2-position acts as a hydrogen bond donor toward the backbone carbonyl
group of Glu109 (JNK1 numbering). In addition, SP600125 is surrounded by
hydrophobic residues in the adenine-binding region of the enzyme [15].

2.2 Aminopyrimidines

Aminopyrimidine derivatives as potent inhibitors of the JNKs have been reported
from different research groups [19–24]. In contrast to previous studies, LoGrasso
and coworkers focused on brain-penetrant JNK-selective aminopyrimidines with

H2N-DAsp-DGln-DSer-DArg-DPro-DVal-DGln-DPro

DArg-DPro-DThr-DThr-DLeu-DAsn-DLeu-DPhe

DLys-DPro-DArg-DPro-DPro-DArg-DArg-DArg

HOOC-Gly-DArg-DLys-DLys-DArg-DArg-DGln

Fig. 3 Amino acid
sequence of D-retro-inverso
peptide inhibitor XG-102

O

N NH
SP600125

IC50 (JNK3) = 40 nM 
IC50 (JNK2) = 40 nM
IC50 (JNK1) = 90 nM
IC50 (p38α) >10,000 nM

Fig. 4 Structure and
biological activities of
SP600125. Biological
data are taken from
Bennet et al. [13]
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promising cellular potency. Their aminopyrimidine series comprised about 500
compounds and 12 examples, all showing no inhibition toward p38α MAP
kinase at a test concentration of 20 μM, were further profiled [24]. Compound
1 represents the most potent inhibitor of this series displaying IC50 values in
the low nanomolar range against JNK3 and JNK1 (Fig. 5). Aminopyrimidine
1 showed moderate cellular activity. It inhibits the phosphorylation of c-Jun in
INS-1 cells with an IC50 value of 210 nM. However, compound 1 is not able to
penetrate into the brain. Although being less potent in the in vitro enzyme assay,
compound 2 showed an increased cell penetration profile resulting in a strong
inhibition of cellular c-Jun phosphorylation (IC50 ¼ 54 nM) and promising pharma-
cokinetic properties [24]. Inhibitor 2 is able to cross the blood-brain barrier (brain/
plasma ratio ¼ 75%) and possesses good oral bioavailability in rats (F ¼ 45%).
However, its plasma protein binding in different species (mouse, rat, dog, monkey,
and human) is high (>92%). The metabolic stability of 2 in liver microsomes is
reasonable. When dosed at 1 mg/kg (iv) in in vivo studies in rats, aminopyrimidine
2 has a favorable PK profile with a half-life of 2.4 h and a clearance of 20 mL/min/
kg. Furthermore, inhibitor 2 lowers the generation of reactive oxygen species in
INS-1 cells. However, aminopyrimidine 2 displays a high affinity toward the
cytochrome P450 (CYP450) isoforms 2C9, 3A4, and 1A2 (>70% inhibition at a
tested concentration of 10 μM).

The X-ray crystal structure of aminopyrimidine 2 bound to JNK3 (PDB
code: 3KVX) revealed an unexpected binding mode [24]. Although the
2-aminopyrimidine motif is a typical hinge-binding motif present in numerous
kinase inhibitors, inhibitor 2 does not form any hydrogen bond interactions
with the enzyme. It binds in the ATP-binding site of JNK3 with a highly planar
arrangement of the aromatic rings (Fig. 6). Compared to another X-ray structure
published by the same group (PDB code: 1PMN) [26], the glycine-rich loop
was collapsed toward the active site by 2.5 Å. The compression of the binding
pocket might be the driver of selectivity.

Fig. 5 Structure and biological data of aminopyrimidines 1–3. Biological data are taken from
Kamenecka et al. [24] and Chambers et al. [25]
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Another example of the aminopyrimidinyl-based JNK inhibitors is compound
3 (SR-3306) (Fig. 5) [25]. Compared to inhibitor 2, pan-JNK inhibitor 3 lacks the
fluoro substituent on one of the benzene rings, and the morpholino moiety
at the triazole moiety is replaced by a methylpyridine. In terms of JNK3 inhibition
in the biochemical activity assay, compound 3 is an equipotent inhibitor as
compound 2. However, in the cellular assay, JNK inhibitor 3 showed a fourfold
reduced activity (IC50 ¼ 216 nM) than 2. Pyrimidinylamine 3 possesses a moderate
selectivity. At a test concentration of 3 μM, compound 3 inhibited 35 out of the
tested 347 kinases. Additionally, compound 3 showed a clean human ether-à-go-go-
related gene (hERG) (IC50 > 30 μM) as well as CYP profile (IC50 > 50 μM against
1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, and 3A4 isoenzymes). Furthermore,
inhibitor 3 is able to cross the blood-brain barrier (plasma/brain ratio: 30–40%).

Inhibitor 3 displayed a neuroprotective effect in different in vitro and
in vivo models of Parkinson’s disease [25, 27] and effectively protects against
ischemia/reperfusion injury in rats at a test concentration of 5 mg/kg [28].

2.3 2-Alkylsulfanyl-5-(pyridin-4-yl)imidazoles

2-Alkylsulfanyl-4-(4-fluorophenyl)-5-(pyridin-4-yl)imidazoles are a prominent
class of kinase inhibitors and can be considered as open analogs of the early
lead p38α MAP kinase inhibitor SKF86002 [29] developed by researchers from

Fig. 6 X-ray crystal structure of 2 bound to JNK3. The protein backbone is displayed as cartoon
in gray. The compound is highlighted as sticks
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Smith, Kline & French Laboratories (Fig. 7). In different target hopping approaches,
several compounds of this class served as lead structures for the design of (selective)
inhibitors of other protein kinases not belonging to the family of MAP kinases,
e.g., the epidermal growth factor receptor kinase (EGFR) [30, 31], as well as the
protein kinases CK1δ and CK1ε [32].

Using a rational structure-based design approach, a series of different reversible
and covalent JNK inhibitors was established [33, 34]. In case of the reversible series
[33], pyridinylimidazole-based p38α MAP kinase inhibitor LN950 [35, 36]
that also shows moderate affinity toward JNK3 (IC50 ¼ 181 nM) [33] served as
lead structure. With the aim to improve the inhibition of JNK3 for this class of
compounds and simultaneously erase their initial p38α MAP kinase inhibition, a
broad series of derivatives was generated, and structure-activity relationships (SAR)
were established. The lead compound was extensively modified keeping the putative
hinge-binding motif (2-aminopyridine) constant in all analogs (Fig. 8). Structural
modifications included (bio)isosteric replacement of the five-membered core
scaffold as well as variations in the imidazole N-substitution pattern. The
4-fluorophenyl ring located in the hydrophobic region I was replaced by other
substituted phenyl rings, by cycloalkyl rings, as well as by (branched) alkyl groups.
Moreover, different substituents at the pyridine-C2 position interacting with
the hydrophobic region II were probed. Modifications in this position included
branched aliphatic moieties as well as (substituted) carbocyclic and phenyl rings.

As general SARs, aryl moieties at the pyridine-C2 position were better tolerated
by JNK3 than by p38α MAP kinase. A major contribution in shifting inhibitory
activity from p38α MAP kinase to JNK3 was achieved by modifying the
4-fluorophenyl ring at the imidazole C4-position. Replacement of this moiety by a
small methyl group (compound 6) resulted in a complete loss of p38α MAP
kinase activity, whereas only a slight decrease in JNK3 affinity was observed.

As the central core, a 2,4,5-substituted imidazole ring is the most favored one
in terms of improving both JNK3 inhibitory activity and selectivity over p38αMAP
kinase. Alkylation of the imidazole nitrogen atom either vicinal (compound 7) or
distal (compound 8) to the pyridinyl substituent resulted in a decrease of JNK3
inhibitory activities.

Fig. 7 Derivation of 2-alkylsulfanylimidazoles from SKF86002 as well as structure and biological
data of p38α MAP kinase inhibitor LN950
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The most promising inhibitor of this series (compound 6) displays IC50 values
in the low triple-digit nanomolar range for JNK1 and JNK3 and shows a slight
selectivity against the JNK2 isoform (Fig. 8).

The binding mode of pyridinylimidazole 6 at the target kinase was confirmed
by X-ray crystallography (PDB code: 6EKD) (Fig. 9). This example represents
the first reported crystal structure of a 2-alkylsulfanyl-5-(pyridin-4-yl)imidazole in
complex with JNK3. The inhibitor molecule shows a typical type I teardrop binding
mode. The hinge-binding motif (2-aminopyridine) of 6 forms – as expected – two
hydrogen bond interactions with the backbone of Met149. The methyl substituent on
the imidazole-C4 position is pointing toward the hydrophobic region I. A water-
mediated hydrogen bond network exists around the imidazole core. The imidazole-
N3 atom (distal from the pyridine ring) is not interacting with the conserved Lys93
side chain via a direct hydrogen bond. This interaction was observed to be mediated
by two water molecules. Additionally, the imidazole-N1 atom (adjacent to the
pyridine ring) is also involved in a water-mediated hydrogen bond to Asn152.

Fig. 8 Structural modifications of the lead structure and structures as well as biological data of
the most potent reversible JNK inhibitor PIT0102014 of this series. Biological data are taken
from Ansideri et al. [33]
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Pyridinylimidazole 6 was evaluated further pharmacologically. This inhibitor
is metabolically stable in human liver microsomes, and it possesses only low
to moderate affinity toward four out of five tested pharmacologically relevant
cytochrome P450 isoenzymes as well as toward hERG channels [33].

2.4 Aminopyrazole Derivatives

In another study, LoGrasso, Feng, and coworkers reported about a series of
aminopyrazole-based JNK3 inhibitors, which show high isoform selectivity over
JNK1 and in some cases also versus JNK2 (Fig. 10) [37].

Starting from lead compound SR-4326, a large SAR study comprising derivatives
with modifications on the urea moiety as well as on the amide moiety was generated.

Replacement of the methylpyridine moiety present in SR-4326 by a
pyrrolidinylpyrazole moiety resulted in aminopyrazole 10 showing a subnanomolar
IC50 value in the JNK3 activity assay as well as a good intra-JNK selectivity
(Fig. 10). JNK3 inhibitor 10 displays a more than 500- and 200-fold selectivity
over JNK1 and JNK2, respectively. However, data from a selectivity screening
of 10 has not been reported so far.

Fig. 9 Crystal structure of inhibitor 6 (PIT0102014) bound to JNK3 (PDB entry: 6EKD). The
protein backbone is displayed as cartoon in gray. The compound and selected amino acids are
highlighted as sticks. Water molecules are represented as red spheres, and hydrogen bonds are
shown as yellow dashed lines
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The binding mode of JNK-isoform-selective inhibitor 10 within the ATP-binding
site of JNK3 was determined by X-ray experiments (Fig. 11). The R-enantiomer of
10 forms several hydrogen bond interactions with JNK3. The chloro-substituted
phenyl ring is located in the hydrophobic region I. The N2 atom of the central
pyrazole accepts a hydrogen bond from the NH group of Met149 of the hinge region.

Fig. 10 Structural modifications of the lead structure 9 (SR-4326) and structures as well as
biological data of inhibitors 10 and 11 (SR-11935) of this series. Biological data are taken
from Zheng et al. [37]

Fig. 11 X-ray structure of inhibitor 10 in complex with JNK3 (PDB code: 4WHZ). The protein
backbone is displayed as cartoon in gray. The compound and selected amino acids are highlighted
as sticks. Hydrogen bonds are shown as yellow dashed lines
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A second hydrogen bond toward the backbone of Met149 (carbonyl group) was
observed. In this case, the amide NH group serves as a hydrogen bond donor.
A water-mediated hydrogen bond interaction is formed between the NH group of
the urea group (next to the aniline) and the amino group of the Lys93 side chain.
An additional hydrogen bond is established between the NH group of the pyrrolidine
ring and Asn89.

Several dual JNK2/3 inhibitors of the aminopyrazole series have also been
reported in the same publication [37]. In the biochemical assay, SR-11935 shows
a greater than 50-fold isoform selectivity versus JNK1 and potent activity in different
cell-based assays in SHSY5Y cells. At a test concentration of 10 μM, SR-11935
displays a good kinome selectivity. However, in this high-throughput screening
method, a high affinity for JNK1 was observed. SR-11935 penetrates into the
brain (plasma/brain ratio of �2:1) showing both good solubility and good DMPK
properties. Moreover, this inhibitor displays good microsomal stability, when incu-
bated with human or mice liver microsomes as well as no affinity toward CYP450
isoforms 1A2, 2C9, 2D6, and 3A4. In addition, SR-11935 potently inhibits mito-
chondrial dysfunction and is noncytotoxic.

3 Covalent Inhibitors

The design of covalent kinase inhibitors has resurged [38–40]. In total, a number of
six covalent kinase inhibitors were introduced to the market from 2013 to 2018
(Fig. 12). All these inhibitors possess an α,β-unsaturated amide as electrophilic
moiety, which targets the side chain of a non-catalytic cysteine residue in the
proximity of the ATP-binding site.

As illustrated in the sequence alignment of the JNKs (Fig. 2), all three JNK
isoforms possess a cysteine (Cys114 in JNK1/2 numbering; Cys154 in JNK3
numbering) located in the C-lobe adjacent to the hinge region. In this position, this
cysteine is unique within the kinome and can be targeted by an inhibitor bearing
an electrophilic warhead in a suitable position to form a covalent bond.

3.1 Aminopyrimidine-Based Covalent Inhibitors

The first covalent inhibitors of JNK3 were reported in 2012 by Gray and coworkers
[18]. In search for covalent type II inhibitors of the c-Kit and PDGFR kinases, the
imatinib-derived pan-JNK inhibitor JNK-IN-1 (Fig. 13) was discovered.

A selectivity screening of JNK-IN-1 versus 400 kinases revealed, at a test
concentration of 10 μM, besides binding to the classical imatinib targets (Abl, c-Kit
and DDR1/2), also a strong binding to all three JNK isoforms. Determination of
the biochemical IC50 values against the latter kinases revealed JNK-IN-1 to be a
moderate inhibitor of all three JNK isoforms.
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Using a structure-based design, a series of analogs was established, and the
pan-JNK inhibitor JNK-IN-1 was further optimized regarding its inhibitory activity.
Removing the methyl group of the benzene ring at the pyrimidine-C2-amino
position and changing the substitution pattern on both benzene rings in the linker
bearing the electrophilic warhead resulted in compound JNK-IN-7. This potential
covalent inhibitor displayed IC50 values in the low single-digit nanomolar range
for JNK1 and JNK2 as well as in the subnanomolar range for JNK3 (1 h incubation).
In case of JNK3, JNK-IN-7 shows a 1,000-fold higher activity compared to parent
compound JNK-IN-1. JNK-IN-7 also inhibits c-Jun phosphorylation in HeLa and
A375 cells with IC50 values of 130 nM and 244 nM, respectively [18].

The X-ray structure of JNK-IN-7 in complex with JNK3 (PDB code: 3V6S)
(Fig. 14) reveals that this covalent inhibitor has a different binding mode in
the ATP-binding site of JNK3 than imatinib in Abl kinase (PDB code: 1IEP)
(Fig. 15) [41].

Fig. 12 Structures, their target kinase, and the year of their FDA approval of the covalent kinase
inhibitors afatinib, ibrutinib, osimertinib, acalabrutinib, dacomitinib, and neratinib
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JNK-IN-7 binds to JNK3 in a type I binding mode with the kinase in the active
DFG-in conformation. The covalent link between the electrophilic arylamide and the
side chain of Cys154 was also unambiguously revealed. The classical hinge-binding
motif (pyrimidinylamine) interacts with the backbone of Met149 via two hydrogen
bonds [18].

Imatinib shows a typical type II inhibitor binding mode targeting the inactive
DFG-out conformation of Abl kinase. The pyrimidinylamine moiety does not
interact via hydrogen bonds with the hinge region. Instead, the nitrogen atom
of the 3-pyridinyl moiety accepts a hydrogen bond from the backbone N-H of
Met318 (Fig. 15) [41].

In vitro kinase screening against a panel of 442 kinases revealed a very good
selectivity for JNK-IN-7. Within this panel, this covalent inhibitor bound or
inhibited eight other protein kinases with a KD or IC50 value of 100 nM or lower
besides the JNKs.

Reintroduction of the methyl group on the phenyl ring in ortho-position to
the pyridine-C2-amino moiety on JNK-IN-7 resulted in JNK-IN-8. This inhibitor
displays almost the same inhibitory activity for the JNK3 as JNK-IN-7 yet showing
a significantly improved selectivity profile for JNK3 within the JNK family as well
as against the rest of the kinome [18].

Fig. 13 Structures and biological data (after 1 h of incubation) of irreversible JNK inhibitors based
on the imatinib scaffold. Structural similarities of imatinib present in 12 (JNK-IN-1) are highlighted
in blue color. Biological data are taken from Zhang et al. [18]
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However, in cell-based assays, JNK-IN-8 shows slightly lower inhibitory activity
compared to JNK-IN-7 (IC50 values of 486 nM and 333 nM in Hela and A375
cells, respectively) [18]. In a panel of 442 different protein kinases (also including
mutants), JNK-IN-8 only bound to two Kit mutants (V559D and V557D,T650I).
In a cellular kinase profiling versus distinct protein kinases, JNK-IN-8 exclusively
inhibited JNK1,2,3. Due to its excellent selectivity profile, the covalent pan-JNK-
inhibitor JNK-IN-8 was selected by the chemical probes portal as a tool compound
to further investigate the role of JNK1/2/3 inhibition (www.chemicalprobesportal.
org). However, the same portal recommends using JNK-IN-8 along with validated
JNK inhibitors as a positive control.

3.2 Pyridinylimidazole-Based Covalent Inhibitors

The concept of covalently targeting the JNK3 was also transferred to the reversible
JNK inhibitors of the 2-alkylsulfanyl-5-(pyridin-4-yl)imidazole series, which are
already optimized to interact with different regions in the ATP-binding site of
JNK3 (see Sect. 2.3) [34]. For targeting the mentioned cysteine side chain in the
JNKs, the electrophilic warhead was attached to the pyridine-C2-amino function
via a suitable linker (Fig. 16).

Fig. 14 X-ray structure of JNK-IN-7 in complex with JNK3 (PDB code: 3V6S). The protein
backbone is displayed as cartoon in gray. The compound and selected amino acids are highlighted
as sticks. Hydrogen bonds are shown as yellow dashed lines
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An acrylamide was chosen as an electrophilic warhead due to the fact
that α,β-unsaturated carbonyl groups are soft electrophiles. On the one side, the
acrylamide preferentially reacts with the soft thiol present in the side chain of
Cys154. On the other side, acrylamides are less reactive than α,β-unsaturated
esters as well as α,β-unsaturated ketones, thereby reducing possible side reactions
with thiol groups present in other intracellular proteins.

Potential covalent inhibitors bearing different linkers consisting of two phenyl
rings connected by an amide bond were synthesized wherein the linker length
and geometry was varied (Fig. 16). The contribution of the covalent bond formation
to the inhibitory activity was estimated by comparing the activity of the potential
irreversible inhibitors with the one of the corresponding saturated analogs [34].

The linker, consisting of a para-substitution pattern on the phenyl ring
connected to the pyridine-C2-amino position as well as a meta-substitution
pattern on the second phenyl ring bearing the acryl amide moiety, showed to have
the appropriate length and properties to place the reactive electrophile in optimal
position to form the covalent bond with the Cys154 side chain. The resulting
covalent inhibitor PIT0104026 inhibits JNK3 in the low nanomolar range and
possesses an approximately 1,000-fold selectivity versus the p38α MAP kinase.
The irreversible binding mode of PIT0104026 was confirmed by mass shift
experiments. This covalent inhibitor displays a good selectivity. In a screening
versus a panel of 410 kinases, 15 kinases including JNK1,2,3 were inhibited
at a test concentration of 1 μM [34].

Fig. 15 X-ray structure of imatinib bound to Abl kinase (PDB code: 1IEP). The compound and
selected amino acids are highlighted as sticks. Hydrogen bonds are shown as yellow dashed lines
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The inhibitory potency as well as the selectivity of PIT0104026 was further
improved by targeting the hydrophobic region I (the so-called selectivity pocket)
of the enzyme with a 4-fluorophenyl ring as well as by introducing a methyl
substituent on the imidazole nitrogen atom distal to the 4-fluorophenyl moiety.
The resulting inhibitor LN2332 shows inhibition of JNK3 in the picomolar
range (Fig. 16) [34].

A mass shift corresponding to the molecular weight of LN2332 was detected
after its incubation with JNK3 followed by liquid chromatography-mass
spectrometry. Since neither the incubation of the saturated counterpart of LN2332
nor the incubation of LN2332 with a JNK3-C154A-mutant resulted in a mass
shift, the covalent binding mode of LN2332 with the Cys154 side chain was
unambiguously proven.

Further pharmacological profiling identified LN2332 as a promising covalent
pan-JNK inhibitor since it remained metabolically stable when exposed to
human liver microsomes. LN2332 shows no unpredictable side reactions to other
thiol-containing enzymes and has an excellent selectivity profile. In a panel of
410 protein kinases, LN2332 inhibits at a tested concentration of 0.5 μM – besides
all three JNK isoforms – only three other protein kinases (Tie-2, MAPKAP2, and
CK-1δ). However, cellular data of LN2332 have not been reported so far.

Fig. 16 Design of pyridinylimidazole-based irreversible JNK inhibitors as well as structures
and biological data (after 50 min (JNK3) or 60 min (p38α) of incubation) of covalent JNK inhibitors
15 (PIT0104026) and 16 (LN2332). Biological data are taken from Muth et al. [34]
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4 Conclusion

Numerous very potent reversible and irreversible small molecule JNK3 inhibitors
displaying IC50 values down to the subnanomolar range have been reported within
the last years. The binding modes for most of these inhibitors were determined
by X-ray experiments. Several examples of recently published JNK3 inhibitors are
showing very good to excellent selectivity within the kinome. Most of the discussed
inhibitors display no or only low affinity versus non-JNK members of the MAP
kinase family.

Moreover, some JNK3 inhibitors displaying intra-JNK selectivity have been
reported. Within the class of aminopyrazole-derived reversible inhibitors, several
examples of JNK2/3 inhibitors, e.g., SR-11935, showing selectivity versus JNK1
have been reported. Among them, aminopyrazole 10 represents the first reported
potent JNK3 inhibitor showing very good JNK-isoform selectivity. However, its
kinome-wide selectivity has not been reported.

The targeting of the thiol group present in the non-conserved Cys154, which is
located adjacent to the ATP-binding site in JNK3, by electrophilic warheads
resulted in the very potent irreversible pan-JNK inhibitors LN2332 and JNK-IN-8.
Both compounds show an excellent selectivity within the human kinome. The
latter covalent inhibitor, which is also active in cellular assays, is the only available
high-quality kinase probe for JNK1/2/3 so far and might be used to further
investigate the role of the JNKs in various disorders.
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