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ABSTRACT: Tropomyosin receptor kinases (TrkA, TrkB, TrkC) are activated by hormones of the neurotrophin family: nerve
growth factor (NGF), brain derived neurotrophic factor (BDNF), neurotrophin 3 (NT3), and neurotrophin 4 (NT4). Moreover,
the NGF antibody tanezumab has provided clinical proof of concept for inhibition of the TrkA kinase pathway in pain leading to
significant interest in the development of small molecule inhibitors of TrkA. However, achieving TrkA subtype selectivity over
TrkB and TrkC via a Type I and Type II inhibitor binding mode has proven challenging and Type III or Type IV allosteric
inhibitors may present a more promising selectivity design approach. Furthermore, TrkA inhibitors with minimal brain
availability are required to deliver an appropriate safety profile. Herein, we describe the discovery of a highly potent, subtype
selective, peripherally restricted, efficacious, and well-tolerated series of allosteric TrkA inhibitors that culminated in the delivery
of candidate quality compound 23.

■ INTRODUCTION
Tropomyosin receptor kinases are a family of three tyrosine
kinases (TrkA, TrkB, TrkC) activated by peptidic hormones of
the neurotrophin family: nerve growth factor (NGF), brain
derived neurotrophic factor (BDNF), neurotrophin 3 (NT3),
and neurotrophin 4 (NT4) (Figure 1).1 Preclinical and clinical
studies have identified a crucial role for NGF in the
pathogenesis of inflammatory pain,2 with neutralizing antibod-
ies such as tanezumab demonstrating efficacy in preclinical pain
models and in clinical trials for osteoarthritis, chronic low back
pain, and interstitial cystitis.3− 6 Since NGF binds to the TrkA
kinase receptor, this has provided clinical proof of concept for
inhibition of the TrkA pathway in pain and has also led to

significant interest in the development of small molecule
modulators of TrkA.
A key concern in the development of TrkA kinase inhibitors

for the treatment of chronic pain is achieving sufficient TrkA
selectivity over TrkB and TrkC. TrkB is expressed throughout
the body with the BDNF/TrkB axis involved in excitatory
signaling, long-term potentiation, and feeding behavior.7− 10

Moreover, human genetic data has linked decreased function of
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§  Chronic	pain:	is	generally	defined	as	any	pain	lasting	>12	weeks		

§  Includes	headache,	lower	back	pain,	cancer	pain	and	arthritis	
	

§  Chronic	pain	is	the	#1	reason	Americans	access	the	health	care	system.	
§  Affects	~100	million	adults	in	the	US			
§  Estimated	annual	cost	of	US	$560–635	billion.		

National	Center	for	Health	Statistics.	Health,	United	States,	2012	
National	Institutes	for	Health:	Pain	Management:	Fact	Sheet,	2010	

Acute	and	Chronic	Pain	

§  Pain:	is	a	symptom	produced	when	 	 	 	
	inflammation	or	changes	to	the	 	 			 	
		nervous	system	due	to	illness/	 										 	
	injury	are	transmitted	to	the	brain,	 										 	
	producing	a	physical	sensation	that														 	
	alerts	the	brain	that	damage	has		 	 										
	occurred.	
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MRI-detectable features that have been related to knee 
pain include bone marrow lesions (BMLs), subarticular 
bone attrition and synovitis (reviewed elsewhere38,39). 
Patients with chronic symptomatic OA of the knee 
experi ence fluctuations in the presence and intensity 
of knee pain, and changes in BMLs and synovitis, as 
demonstrated by MRI, are associated with these fluctua-
tions.40 A randomized placebo-controlled clinical trial 
of intravenous zoledronic acid in patients with knee OA 
(n = 59) demonstrated significant reduction of BML size 
after 6 months (–175.7 mm2, 95% CI –327.2 to –24.3), 
with a trend after 12 months (–146.5 mm2, 95% CI 
–307.5 to +14.5), and of pain, as assessed by a visual ana-
logue scale (VAS) score, after 6 months (–14.5 mm, 95% 
CI –28.1 to –0.9) (although not after 3 or 12 months).41 
Histological evidence of synovitis has also been corre-
lated with symptoms in patients with early knee OA 
undergoing arthroscopic meniscectomy.42

It is now fully appreciated that OA is a disease of the 
entire joint, not just the cartilage.43 This fact implies that, 
during the course of progressive OA, nociceptors are 

exposed to the changing biochemical environment in the 
different joint tissues. These changes might contribute 
to their activation and sensitization, as discussed below.

Mechanical stimulation
Mammalian molecular mechanisms of mechano-
sensation—the process by which a cell converts a 
mechanical stimulus into an electrical signal—are poorly 
understood.23 Only a few studies have addressed how 
mechanical pain is sensed in the joint. One such study 
used an electrophysiological approach to demonstrate 
the presence of mechanogated ion channels on rat knee 
joint nociceptors, suggesting that these channels might 
have a role in pain sensing.44 In addition, experiments 
in the rat monoiodoacetate (MIA) model, which is fre-
quently used to model OA pain pathways,45 have found 
a role for the voltage-gated sodium channel Nav1.8 in 
noxious mechanosensation in the joint.46 Nav1.8 is 
restricted in its expression to small primary afferent 
neurons47 and has been implicated in noxious mechano-
sensation in mice.48 Approximately 50% of C-fibres and 
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Figure 1 | Neuroanatomy of the pain pathway and analgesic targets in OA. a | Pain signals are detected by nociceptors in 
the periphery and carried to the dorsal horn of the spinal cord. Various analgesics that are efficacious against joint pain act 
in the periphery by targeting receptors expressed at nociceptor peripheral terminals. b | The central terminals of the 
afferent nociceptors synapse with second-order neurons in the dorsal horn, in a stratified pattern that is anatomically very 
precisely organized. Second-order neurons are either interneurons (not shown) or projection neurons that cross to the 
contralateral side and carry the signal up the spinal cord. Central sensitization can occur through the strengthening of 
synapses and through the loss of inhibitory mechanisms. In addition, the activation of microglia contributes to enhanced 
pain sensitivity. Prostaglandins can also have a sensitizing effect in the dorsal horn, and NSAIDs can thus exert central 
analgesic actions, in addition to their peripheral actions. Opioids can inhibit incoming pain signals in the dorsal horn.  
c | Projection neurons relay pain signals along the spinothalamic tract to the thalamus, and along the spinoreticulothalamic 
tract to the brainstem. From there, the signals can be propagated to different areas of the brain, including the cortex. 
Descending pathways (black arrows), both facilitating and inhibitory, modulate pain transmission; descending inhibitory 
pathways release noradrenaline and serotonin onto the spinal circuits. SNRIs engage these descending inhibitory 
pathways. RVM neurons are opioid sensitive, and morphine has an analgesic effect through engaging descending 
inhibition. Abbreviations: Amy, amygdala; DRG, dorsal root ganglion; GPCR, G-protein-coupled receptor; HP, hippocampus; 
NAc, nucleus accumbens; NGF, nerve growth factor; PAG, peri-aqueductal grey; PG, prostaglandin; RVM, rostral 
ventromedial medulla; SNRI, serotonin–noradrenaline reuptake inhibitor.
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Pain	Pathway/	Gold	Standard	Analgesics	

	
§  Non-steroidal	anti-inflammatory	drugs	(NSAIDs)	e.g.	

aspirin,	ibuprofen	
§  Opioids	e.g.	morphine,	oxycodone	

§  Antidepressants	
§  Anticonvulsants	
§  Local	Anesthetics	

Nat	Rev	Rheumatol.	2013,	9(11),	654		
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Unmet	Need	for	Safe	and	Effective	Pain	
Medication	

	
§  Current	gold	standard	analgesics	are	often	ineffective	and/or	have	side	effects		

	(e.g.	GI/renal	side-effects	for	NSAIDs	and	psychotropic	for	opioids)	
	
§  Opioids	killed	more	than	33	000	people	in	2015,	more	than	any	year	on	record	

National	Center	for	Health	Statistics,	CDC:	Overdose	Death	Rates	Steph McCabe @ Wipf Group Page 4 of 20 6/23/2018
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Role	of	NGF	&	TrkA	in	the	Pathogenesis	of	
Inflammatory	Pain	

§  NGF	levels	are	elevated	in	response	to	chronic	pain,	injury	and	inflammation	
§  Administration	of	exogenous	NGF	induces	pain	in	humans	
§  People	with	null	mutations	in	TrkA	and	NGF	genes	develop	congenital	insensitivity	to	pain		
§  Inhibition	of	NGF	function	by	anti-NGF	antibodies	and	small	molecule	Trk	inhibitors	has	shown	efficacy	in	

animal	and	human	pain	models	e.g.	anti-NGF	monoclonal	antibody	Tanezumab	(Pfizer/Eli-Lily)	

models. However, at doses associated with significant (>50%)
CNS Trk receptor occupancy, changes in cortical electro-
encephalography (EEG), cognitive function, body weight, and
hypothalamic mRNA were observed.17 These findings were
recapitulated with pan-Trk inhibitors devoid of Tie-2 kinase
activity (data not shown). These data confirm the potential of
small molecule Trk kinase inhibitors as pain therapeutics but
highlight the risk of on-target adverse events resulting from
pharmacologically relevant exposure in the CNS.
Given the therapeutic efficacy of brain restricted anti-NGF

mAb therapies and the known safety risks associated with CNS
Trk receptor occupancy, a rational approach to delivering a
well-tolerated Trk kinase therapeutic is to restrict compounds
to the peripheral compartment. It is known from projects
within Pfizer and the wider pharmaceutical community that it is
possible to deliver small molecules that are orally bioavailable
yet peripherally restricted.18−22 The design of compounds in
physicochemical space appropriate for absorption across the
gastrointestinal (GI) epithelium (e.g., molecular weight <500,
polar surface area <140, <10 rotatable bonds)23 but that are
substrates for blood−brain barrier (BBB) efflux transporters
such as P-glycoprotein (P-gp) and breast cancer resistance
protein (BCRP) is an emerging strategy to deliver this type of
profile. According to the free drug hypothesis, unbound
concentration determines a drug’s pharmacological effect. If a
drug is a substrate for BBB efflux transporters, the unbound
brain concentration (Cb,u) may be less than the unbound
plasma concentration (Cp,u). An example of a compound that
exhibits significant peripheral restriction (via targeting BBB
efflux transporters P-gp and BCRP) while retaining good oral
bioavailability, cell penetration, and pharmacological activity is
the tyrosine kinase inhibitor imatinib.24 Imatinib was not
specifically designed to be peripherally restricted, yet
discoveries such as this engender knowledge of how to
prospectively design orally bioavailable, peripherally restricted
molecules in a rational manner.
Targeting transporters in order to achieve peripheral

restriction can introduce risk factors.20 For example, the apical
membrane of intestinal epithelial cells contains the same efflux
transporter proteins P-gp and BCRP found at the BBB. Drugs
that are efflux substrates could therefore be restricted in their
passage across the intestinal epithelium, resulting in poor
absorption from the gut lumen (Figure 2). Set against this risk
(at commonly prescribed oral drug doses of adequately soluble

compounds (10−500 mg)), the intraluminal compound
concentration is likely to be in the range of hundreds of
micromolar providing a high concentration gradient which, for
a compound with sufficient permeability, will mean a high
driving force for flux across the epithelium. In addition, such
gut luminal concentrations are likely to be high enough to
saturate efflux transporters, given that substrates of P-gp
typically possess Km values in the range 1−100 μM. These
considerations suggest that in most cases, the risk of poor
absorption and nonlinear pharmacokinetics of orally delivered
efflux substrates will be low.25

An additional requirement for a small molecule Trk kinase
inhibitor, suitable for chronic administration in a nonlife
threatening indication, is exquisite kinase selectivity. Kinases
modulate numerous physiological functions and hence
inhibiting off-target kinases can lead to unwanted safety side
effects.26,27 The majority of kinase inhibitors bind to the highly
conserved ATP binding site (type I inhibitors) and hence can
be nonselective. A strategy that has emerged to design kinase
inhibitors with enhanced kinase selectivity is to target protein−
ligand interactions in less conserved areas of the ligand binding

Figure 1. Neurotrophins NGF, BDNF, NT-3, NT-4/5, and their receptors TrkA, TrkB, and TrkC.

Figure 2. Schematic illustration of orally administered drug absorption
across the intestinal epithelium and distribution across the brain
vascular endothelium. Cp,u = unbound plasma concentration, Cb,u =
unbound brain concentration, and Ci,u = unbound intracellular
concentration.

Journal of Medicinal Chemistry Drug Annotation

DOI: 10.1021/acs.jmedchem.6b00850
J. Med. Chem. 2016, 59, 10084−10099

10085

§  TrkA	kinase	inhibitor	efficacy	is	expected	to	be	driven	by	target	engagement	in	peripheral	neurons.		
§  Trks	are	broadly		expressed		in	the	brain		

§  Regulate	cholinergic	activity,	excitatory	signaling	and	feeding/	body	weight		
§  Clinical	CNS	side	effects	(cognitive	deficits,	personality	changes	and	sleep	deprivation)	have	been	noted	

in	an	oral	pan-Trk/Tie2	kinase	inhibitor.	

Steph McCabe @ Wipf Group Page 5 of 20 6/23/2018



models. However, at doses associated with significant (>50%)
CNS Trk receptor occupancy, changes in cortical electro-
encephalography (EEG), cognitive function, body weight, and
hypothalamic mRNA were observed.17 These findings were
recapitulated with pan-Trk inhibitors devoid of Tie-2 kinase
activity (data not shown). These data confirm the potential of
small molecule Trk kinase inhibitors as pain therapeutics but
highlight the risk of on-target adverse events resulting from
pharmacologically relevant exposure in the CNS.
Given the therapeutic efficacy of brain restricted anti-NGF

mAb therapies and the known safety risks associated with CNS
Trk receptor occupancy, a rational approach to delivering a
well-tolerated Trk kinase therapeutic is to restrict compounds
to the peripheral compartment. It is known from projects
within Pfizer and the wider pharmaceutical community that it is
possible to deliver small molecules that are orally bioavailable
yet peripherally restricted.18−22 The design of compounds in
physicochemical space appropriate for absorption across the
gastrointestinal (GI) epithelium (e.g., molecular weight <500,
polar surface area <140, <10 rotatable bonds)23 but that are
substrates for blood−brain barrier (BBB) efflux transporters
such as P-glycoprotein (P-gp) and breast cancer resistance
protein (BCRP) is an emerging strategy to deliver this type of
profile. According to the free drug hypothesis, unbound
concentration determines a drug’s pharmacological effect. If a
drug is a substrate for BBB efflux transporters, the unbound
brain concentration (Cb,u) may be less than the unbound
plasma concentration (Cp,u). An example of a compound that
exhibits significant peripheral restriction (via targeting BBB
efflux transporters P-gp and BCRP) while retaining good oral
bioavailability, cell penetration, and pharmacological activity is
the tyrosine kinase inhibitor imatinib.24 Imatinib was not
specifically designed to be peripherally restricted, yet
discoveries such as this engender knowledge of how to
prospectively design orally bioavailable, peripherally restricted
molecules in a rational manner.
Targeting transporters in order to achieve peripheral

restriction can introduce risk factors.20 For example, the apical
membrane of intestinal epithelial cells contains the same efflux
transporter proteins P-gp and BCRP found at the BBB. Drugs
that are efflux substrates could therefore be restricted in their
passage across the intestinal epithelium, resulting in poor
absorption from the gut lumen (Figure 2). Set against this risk
(at commonly prescribed oral drug doses of adequately soluble

compounds (10−500 mg)), the intraluminal compound
concentration is likely to be in the range of hundreds of
micromolar providing a high concentration gradient which, for
a compound with sufficient permeability, will mean a high
driving force for flux across the epithelium. In addition, such
gut luminal concentrations are likely to be high enough to
saturate efflux transporters, given that substrates of P-gp
typically possess Km values in the range 1−100 μM. These
considerations suggest that in most cases, the risk of poor
absorption and nonlinear pharmacokinetics of orally delivered
efflux substrates will be low.25

An additional requirement for a small molecule Trk kinase
inhibitor, suitable for chronic administration in a nonlife
threatening indication, is exquisite kinase selectivity. Kinases
modulate numerous physiological functions and hence
inhibiting off-target kinases can lead to unwanted safety side
effects.26,27 The majority of kinase inhibitors bind to the highly
conserved ATP binding site (type I inhibitors) and hence can
be nonselective. A strategy that has emerged to design kinase
inhibitors with enhanced kinase selectivity is to target protein−
ligand interactions in less conserved areas of the ligand binding

Figure 1. Neurotrophins NGF, BDNF, NT-3, NT-4/5, and their receptors TrkA, TrkB, and TrkC.

Figure 2. Schematic illustration of orally administered drug absorption
across the intestinal epithelium and distribution across the brain
vascular endothelium. Cp,u = unbound plasma concentration, Cb,u =
unbound brain concentration, and Ci,u = unbound intracellular
concentration.

Journal of Medicinal Chemistry Drug Annotation

DOI: 10.1021/acs.jmedchem.6b00850
J. Med. Chem. 2016, 59, 10084−10099

10085

Goal:		Orally	bioavailable	small	
molecule	Trk	inhibitor	with	
minimal	brain	availability	

1.  High	absorption	across	
the	GI	epithelium	
(MW<500,	PSA<140,	
<10	rotatable	bonds)	

2.  Good	substrates	for	
blood−brain	barrier	
(BBB)	efflux	
transporters	(e.g.	P-gp,	
BCRP)	

3.  Exquisite	kinase	
selectivity	(target	an	
allosteric	binding	
pocket)		

6	

CNS	concerns/Peripheral	Restriction	

Desired	peripheral	restriction	profile:	
Free	brain/	free	plasma	ratio	(Cb,u/Cp,u)	≤	5%	

Steph McCabe @ Wipf Group Page 6 of 20 6/23/2018



Type	I	kinase	inhibitors	–bind	to	the	active	form	(activation	loop	is	phosphorylated)/	target	the	ATP	binding	site		
Type	II	kinase	inhibitors	–bind	to	the	inactive	conformation/	target	the	ATP	binding	site	and	an	allosteric		‘DFG	out’	
hydrophobic	pocket	immediately	adjacent	to	the	region	occupied	by	ATP	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Type	III	kinase	Inhibitors	–	bind	next	to	the	ATP	binding	pocket	
Type	IV-VI	also	known		

7	

bonding interactions that gave the PAP scaffold the ability to stabilize 
the unexpected DFG-out conformation of Abl. Consistent with the 
observed binding mode, imatinib preferentially inhibits the enzymatic 
activity of the unphosphorylated Abl (Ki = 37 nM) over the phosphory-
lated form (Ki = 7 µM)5. The inability of PKCs and CDKs to assume the 
DFG-out conformation combined with the energetic penalty resulting 
from imatinib’s assumption of the pyrimidine cis conformation, which 
is required for hinge-region binding, may provide an explanation for 
the selectivity of imatinib (Fig. 1d). However, recently imatinib has 
been crystallographically demonstrated to bind to Syk, a target that it 
inhibits only very weakly (IC50 > 10 µM), by using the pyrimidine cis 
conformation24. Though no experimental techniques are available for 
determining which conformation is relevant intracellularly, the avail-
able crystal structures highlight the plasticity of the kinase active site, 
which might suggest the existence of a dynamic equilibrium among a 
population of kinase-inhibitor complexes (Fig. 2).

BIRB796 was discovered using a combination of traditional and com-
binatorial lead-optimization strategies starting from a simple biaryl 
urea compound (4; Fig. 3b)22. BIRB796 is a picomolar-level inhibitor 
of p38 kinase with a dissociation constant 12,000-fold lower than that 
of the original high-throughput screening hit. Evaluation of bind-

ing kinetics demonstrates that, unlike ATP-
competitive inhibitors, BIRB796 shows slow 
binding and even slower dissociation from 
the kinase. For example, the calculated half-
life for the dissociation of BIRB796 from p38 
kinase is 23 h; for the classic ATP-competitive 
compound SK&F86002, it is 0.1 s (ref. 6). Slow 
dissociation rates are often linked with protein 
conformational changes upon ligand binding, 
as seen in the epidermal growth factor recep-
tor (EGFR) kinase inhibitor lapatinib25. Once 
the crystal structure of BIRB796 bound to p38 
was solved, the unusually slow binding could 
be rationalized based on the need for move-
ment of the activation loop to achieve the 
DFG-out conformation. A similar biaryl urea 
compound was used as a starting point for 
the development of sorafenib, an inhibitor of 
b-Raf and vascular endothelial growth factor 
receptor II (VEGFRII), also known as kinase 
insert domain receptor (KDR)23

 . Lead optimi-
zation was facilitated by combinatorial chem-
istry, and a library of about 1,000 ureas was 
screened. The pyridyloxy group substituted at 

the para position of the urea was found to improve activity by almost 
1,000-fold, a modification that may not have been discovered using a 
traditional medicinal chemistry approach. The co-crystal structure of 
sorafenib bound to b-Raf revealed that, like BIRB796, the compound 
binds to the DFG-out conformation, and the two ureas make identi-
cal pairs of hydrogen bonding contacts with equivalent residues. Both 
inhibitors also make a single contact to a hinge residue: BIRB796 uses 
the morpholine oxygen and sorafenib uses the pyridyl nitrogen.

One feature common to first-generation type II inhibitors is that their 
binding affinity is mainly derived from a combination of hydrophobic 
and hydrogen bonding interactions with the allosteric site created by 
the DFG-out conformation. All the type II inhibitors shown in Figure 3 
contain a hydrogen bond donor-acceptor pair (urea or amide) and a 
hydrophobic ‘tail’ moiety (Fig. 3a) that interact with the allosteric site. 
The majority of type II inhibitors also contain a ‘head’ group (Fig. 3a), 
which extends to the adenine region and forms a single hydrogen bond 
with the kinase hinge residue. For example, addition of the ethoxymor-
pholine head onto the naphthyl group of BIRB796 only decreases the 
dissociation constant (Ki) by 11-fold6. The binding affinity contributed 
by the head portion in these inhibitors is relatively small, and the head 
groups are themselves incapable of kinase inhibition.

ATP-bound, active
Activation loop–
phosphorylated

Activation loop–phosphorylated
type I inhibitor–bound (not
crystallographically observed
for type II)

DFG-out, inactive type II
inhibitor–bound (usually not
crystallographically observed
for type I

DFG-out, inactive Other, inactive

P

P P

ATP

Phosphatase

Phosphatase

Kinase

Kinase

Type I inhibitor
Type II?

Type I and type II
inhibitor

?

Table 1  Comparison of the general properties of type I and type II kinase inhibitors
Type I inhibitors Type II inhibitors

Activation state of the kinase inhibited Active or inactive Inactive

Require specific DFG-out conformation? No Yes

Sensitive to phosphorylation state? Usually no Usually yes

Can apply to every kinase? Yes No, only to those with DFG-out conformation available

Kinase-binding region ATP site ATP site and allosteric site

Hydrogen bond to hinge? Yes for almost all inhibitors Not required but usually yes

ATP competitive? Yes Yes, indirectly

Selectivity Usually low, but very selective inhibitors have been
identified

Advantage; the allosteric site provides another handle for 
tuning kinase selectivity

Inhibitor resistance? Yes; usually mutations occur in the ATP site Yes; mutations occur both in and out of the ATP site

Intellectual propriety position Disadvantage; extremely crowded patent space Advantage; more chemical space to exploit

Figure 2  Schematic representation of the equilibrium between active, inactive, apo and type I and II 
ligand-bound kinase conformations.
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bonding interactions that gave the PAP scaffold the ability to stabilize 
the unexpected DFG-out conformation of Abl. Consistent with the 
observed binding mode, imatinib preferentially inhibits the enzymatic 
activity of the unphosphorylated Abl (Ki = 37 nM) over the phosphory-
lated form (Ki = 7 µM)5. The inability of PKCs and CDKs to assume the 
DFG-out conformation combined with the energetic penalty resulting 
from imatinib’s assumption of the pyrimidine cis conformation, which 
is required for hinge-region binding, may provide an explanation for 
the selectivity of imatinib (Fig. 1d). However, recently imatinib has 
been crystallographically demonstrated to bind to Syk, a target that it 
inhibits only very weakly (IC50 > 10 µM), by using the pyrimidine cis 
conformation24. Though no experimental techniques are available for 
determining which conformation is relevant intracellularly, the avail-
able crystal structures highlight the plasticity of the kinase active site, 
which might suggest the existence of a dynamic equilibrium among a 
population of kinase-inhibitor complexes (Fig. 2).

BIRB796 was discovered using a combination of traditional and com-
binatorial lead-optimization strategies starting from a simple biaryl 
urea compound (4; Fig. 3b)22. BIRB796 is a picomolar-level inhibitor 
of p38 kinase with a dissociation constant 12,000-fold lower than that 
of the original high-throughput screening hit. Evaluation of bind-

ing kinetics demonstrates that, unlike ATP-
competitive inhibitors, BIRB796 shows slow 
binding and even slower dissociation from 
the kinase. For example, the calculated half-
life for the dissociation of BIRB796 from p38 
kinase is 23 h; for the classic ATP-competitive 
compound SK&F86002, it is 0.1 s (ref. 6). Slow 
dissociation rates are often linked with protein 
conformational changes upon ligand binding, 
as seen in the epidermal growth factor recep-
tor (EGFR) kinase inhibitor lapatinib25. Once 
the crystal structure of BIRB796 bound to p38 
was solved, the unusually slow binding could 
be rationalized based on the need for move-
ment of the activation loop to achieve the 
DFG-out conformation. A similar biaryl urea 
compound was used as a starting point for 
the development of sorafenib, an inhibitor of 
b-Raf and vascular endothelial growth factor 
receptor II (VEGFRII), also known as kinase 
insert domain receptor (KDR)23

 . Lead optimi-
zation was facilitated by combinatorial chem-
istry, and a library of about 1,000 ureas was 
screened. The pyridyloxy group substituted at 

the para position of the urea was found to improve activity by almost 
1,000-fold, a modification that may not have been discovered using a 
traditional medicinal chemistry approach. The co-crystal structure of 
sorafenib bound to b-Raf revealed that, like BIRB796, the compound 
binds to the DFG-out conformation, and the two ureas make identi-
cal pairs of hydrogen bonding contacts with equivalent residues. Both 
inhibitors also make a single contact to a hinge residue: BIRB796 uses 
the morpholine oxygen and sorafenib uses the pyridyl nitrogen.

One feature common to first-generation type II inhibitors is that their 
binding affinity is mainly derived from a combination of hydrophobic 
and hydrogen bonding interactions with the allosteric site created by 
the DFG-out conformation. All the type II inhibitors shown in Figure 3 
contain a hydrogen bond donor-acceptor pair (urea or amide) and a 
hydrophobic ‘tail’ moiety (Fig. 3a) that interact with the allosteric site. 
The majority of type II inhibitors also contain a ‘head’ group (Fig. 3a), 
which extends to the adenine region and forms a single hydrogen bond 
with the kinase hinge residue. For example, addition of the ethoxymor-
pholine head onto the naphthyl group of BIRB796 only decreases the 
dissociation constant (Ki) by 11-fold6. The binding affinity contributed 
by the head portion in these inhibitors is relatively small, and the head 
groups are themselves incapable of kinase inhibition.
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Table 1  Comparison of the general properties of type I and type II kinase inhibitors
Type I inhibitors Type II inhibitors

Activation state of the kinase inhibited Active or inactive Inactive

Require specific DFG-out conformation? No Yes

Sensitive to phosphorylation state? Usually no Usually yes

Can apply to every kinase? Yes No, only to those with DFG-out conformation available

Kinase-binding region ATP site ATP site and allosteric site

Hydrogen bond to hinge? Yes for almost all inhibitors Not required but usually yes

ATP competitive? Yes Yes, indirectly

Selectivity Usually low, but very selective inhibitors have been
identified

Advantage; the allosteric site provides another handle for 
tuning kinase selectivity

Inhibitor resistance? Yes; usually mutations occur in the ATP site Yes; mutations occur both in and out of the ATP site

Intellectual propriety position Disadvantage; extremely crowded patent space Advantage; more chemical space to exploit

Figure 2  Schematic representation of the equilibrium between active, inactive, apo and type I and II 
ligand-bound kinase conformations.
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Type II kinase inhibitors occupy a hydrophobic site that is directly 
adjacent to the ATP binding pocket created by a unique conformation 
of the activation loop (DFG-out) in which the phenylalanine residue 
of the DFG motif moves more than 10 Å from its position in the kinase 
active conformation (Fig. 1b,d). This unique DFG-out conformation 
was first observed crystallographically in an inactive conformation of 
an unliganded insulin receptor kinase19, but it was not until the struc-
tures of Abl in complex with imatinib and analogs were solved that 
it became clear that this conformation could be exploited by inhibi-
tors5,20. The DFG-out conformation creates an additional hydrophobic 
pocket adjacent to the ATP pocket that is frequently referred to as the 
‘allosteric site’6. Because the amino acids surrounding this pocket are 
less conserved relative to those in the ATP binding pocket, it has been 
proposed that it may be easier to achieve kinase selectivity with type 
II inhibitors4. Type II inhibitors typically have potent cellular activity, 
presumably because they recognize (or induce) the DFG-out confor-
mation, which has a lower affinity for ATP than for the active kinase 
(Fig. 2). Although type II inhibitors are indirectly competitive with ATP, 
the frequent discrepancy observed between kinase IC50s measured by 
biochemical versus cellular assays shows that type II inhibitors may 
recognize different kinase conformations in the two assays. Inspection 
of known type II inhibitor crystal structures reveals that they all possess 
a conserved hydrogen-bond pair between the ligand (using an amide or 
a urea) and the residues in the allosteric site: one hydrogen bond with 
the side chain of a conserved glutamic acid in the αC-helix and the 
other with the backbone amide of aspartic acid in the DFG motif. All 
type II inhibitors also have a hydrophobic moiety that is located imme-
diately after the hydrogen bond donor-acceptor pair and that forms van 
der Waals interactions with the allosteric site. Although occupying the 
allosteric site is characteristic of type II inhibitors, they can also extend 
into the adenine region and form one or two hydrogen bonds with 
kinase hinge residues in a manner similar to that of type I inhibitors. 
Type I inhibitors can bind to kinases in both the active and inactive 
conformations, but so far all type II inhibitors have been co-crystal-
lized with kinases that are not phosphorylated in the activation loop, 
which assumes the DFG-out conformation (Fig. 2). The mechanisms by 
which type II inhibitors might bind to kinases in which the activation 
loop is phosphorylated remain unclear. Because the crystallographically 
observed type II inhibitor binding mode is not compatible with the 
active conformation5, there may be another kinase conformation that 
type II inhibitors use for binding to activation loop–phosphorylated 
kinases. A further consideration is whether the activation loop can 
become phosphorylated or dephosphorylated once the kinase is bound 
by a type II inhibitor. A detailed comparison of the binding features of 
type I and type II inhibitors can be found in Table 1.

First-generation type II inhibitors
The first set of type II inhibitors were all developed by kinase enzyme 
activity–guided optimization starting from two simple screening hits: 
a phenylaminopyrimidine (PAP) in the case of imatinib and a biaryl 
urea in the case of BIRB796 and sorafenib (Fig. 3a)21–23. Concomitant 
introduction of the so-called ‘flag’ methyl and a meta-benzamide func-
tionality into imatinib converted the compound, which was intially a 
scaffold that targeted protein kinase C (PKC) and cyclin-dependent 
kinases (CDKs), into a compound that preferentially inhibited Abl 
(Fig. 3b)21. The researchers obtained imatinib through the addition of 
a methylpiperazine group to the para position of the benzamide, which 
greatly enhanced the water solubility and physicochemical properties 
of the compound. Although the medicinal chemistry was based on a 
molecular model that incorrectly predicted that the phenylaminopy-
rimidine motif would form the expected hydrogen bonding pair to the 

kinase hinge, the enzyme-selectivity assays still guided optimization 
correctly. Once the crystal structure of imatinib in complex with Abl 
was solved, it became clear that the flag methyl and meta-benzamide 
substitutions had introduced conformational preferences and hydrogen
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Figure 1  Binding modes of kinase inhibitors. (a) Schematic representation 
of the ATP binding site divided into subregions. (b) Schematic representation 
of the allosteric binding site. (c) Ribbon diagram of ATP binding site with 
a DFG-in activation-loop conformation (active conformation). (d) Ribbon 
diagram of a representative of type II binding mode showing the DFG-out 
activation-loop conformation (inactive conformation).
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Type II kinase inhibitors occupy a hydrophobic site that is directly 
adjacent to the ATP binding pocket created by a unique conformation 
of the activation loop (DFG-out) in which the phenylalanine residue 
of the DFG motif moves more than 10 Å from its position in the kinase 
active conformation (Fig. 1b,d). This unique DFG-out conformation 
was first observed crystallographically in an inactive conformation of 
an unliganded insulin receptor kinase19, but it was not until the struc-
tures of Abl in complex with imatinib and analogs were solved that 
it became clear that this conformation could be exploited by inhibi-
tors5,20. The DFG-out conformation creates an additional hydrophobic 
pocket adjacent to the ATP pocket that is frequently referred to as the 
‘allosteric site’6. Because the amino acids surrounding this pocket are 
less conserved relative to those in the ATP binding pocket, it has been 
proposed that it may be easier to achieve kinase selectivity with type 
II inhibitors4. Type II inhibitors typically have potent cellular activity, 
presumably because they recognize (or induce) the DFG-out confor-
mation, which has a lower affinity for ATP than for the active kinase 
(Fig. 2). Although type II inhibitors are indirectly competitive with ATP, 
the frequent discrepancy observed between kinase IC50s measured by 
biochemical versus cellular assays shows that type II inhibitors may 
recognize different kinase conformations in the two assays. Inspection 
of known type II inhibitor crystal structures reveals that they all possess 
a conserved hydrogen-bond pair between the ligand (using an amide or 
a urea) and the residues in the allosteric site: one hydrogen bond with 
the side chain of a conserved glutamic acid in the αC-helix and the 
other with the backbone amide of aspartic acid in the DFG motif. All 
type II inhibitors also have a hydrophobic moiety that is located imme-
diately after the hydrogen bond donor-acceptor pair and that forms van 
der Waals interactions with the allosteric site. Although occupying the 
allosteric site is characteristic of type II inhibitors, they can also extend 
into the adenine region and form one or two hydrogen bonds with 
kinase hinge residues in a manner similar to that of type I inhibitors. 
Type I inhibitors can bind to kinases in both the active and inactive 
conformations, but so far all type II inhibitors have been co-crystal-
lized with kinases that are not phosphorylated in the activation loop, 
which assumes the DFG-out conformation (Fig. 2). The mechanisms by 
which type II inhibitors might bind to kinases in which the activation 
loop is phosphorylated remain unclear. Because the crystallographically 
observed type II inhibitor binding mode is not compatible with the 
active conformation5, there may be another kinase conformation that 
type II inhibitors use for binding to activation loop–phosphorylated 
kinases. A further consideration is whether the activation loop can 
become phosphorylated or dephosphorylated once the kinase is bound 
by a type II inhibitor. A detailed comparison of the binding features of 
type I and type II inhibitors can be found in Table 1.

First-generation type II inhibitors
The first set of type II inhibitors were all developed by kinase enzyme 
activity–guided optimization starting from two simple screening hits: 
a phenylaminopyrimidine (PAP) in the case of imatinib and a biaryl 
urea in the case of BIRB796 and sorafenib (Fig. 3a)21–23. Concomitant 
introduction of the so-called ‘flag’ methyl and a meta-benzamide func-
tionality into imatinib converted the compound, which was intially a 
scaffold that targeted protein kinase C (PKC) and cyclin-dependent 
kinases (CDKs), into a compound that preferentially inhibited Abl 
(Fig. 3b)21. The researchers obtained imatinib through the addition of 
a methylpiperazine group to the para position of the benzamide, which 
greatly enhanced the water solubility and physicochemical properties 
of the compound. Although the medicinal chemistry was based on a 
molecular model that incorrectly predicted that the phenylaminopy-
rimidine motif would form the expected hydrogen bonding pair to the 

kinase hinge, the enzyme-selectivity assays still guided optimization 
correctly. Once the crystal structure of imatinib in complex with Abl 
was solved, it became clear that the flag methyl and meta-benzamide 
substitutions had introduced conformational preferences and hydrogen
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Figure 1  Binding modes of kinase inhibitors. (a) Schematic representation 
of the ATP binding site divided into subregions. (b) Schematic representation 
of the allosteric binding site. (c) Ribbon diagram of ATP binding site with 
a DFG-in activation-loop conformation (active conformation). (d) Ribbon 
diagram of a representative of type II binding mode showing the DFG-out 
activation-loop conformation (inactive conformation).
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Type II kinase inhibitors occupy a hydrophobic site that is directly 
adjacent to the ATP binding pocket created by a unique conformation 
of the activation loop (DFG-out) in which the phenylalanine residue 
of the DFG motif moves more than 10 Å from its position in the kinase 
active conformation (Fig. 1b,d). This unique DFG-out conformation 
was first observed crystallographically in an inactive conformation of 
an unliganded insulin receptor kinase19, but it was not until the struc-
tures of Abl in complex with imatinib and analogs were solved that 
it became clear that this conformation could be exploited by inhibi-
tors5,20. The DFG-out conformation creates an additional hydrophobic 
pocket adjacent to the ATP pocket that is frequently referred to as the 
‘allosteric site’6. Because the amino acids surrounding this pocket are 
less conserved relative to those in the ATP binding pocket, it has been 
proposed that it may be easier to achieve kinase selectivity with type 
II inhibitors4. Type II inhibitors typically have potent cellular activity, 
presumably because they recognize (or induce) the DFG-out confor-
mation, which has a lower affinity for ATP than for the active kinase 
(Fig. 2). Although type II inhibitors are indirectly competitive with ATP, 
the frequent discrepancy observed between kinase IC50s measured by 
biochemical versus cellular assays shows that type II inhibitors may 
recognize different kinase conformations in the two assays. Inspection 
of known type II inhibitor crystal structures reveals that they all possess 
a conserved hydrogen-bond pair between the ligand (using an amide or 
a urea) and the residues in the allosteric site: one hydrogen bond with 
the side chain of a conserved glutamic acid in the αC-helix and the 
other with the backbone amide of aspartic acid in the DFG motif. All 
type II inhibitors also have a hydrophobic moiety that is located imme-
diately after the hydrogen bond donor-acceptor pair and that forms van 
der Waals interactions with the allosteric site. Although occupying the 
allosteric site is characteristic of type II inhibitors, they can also extend 
into the adenine region and form one or two hydrogen bonds with 
kinase hinge residues in a manner similar to that of type I inhibitors. 
Type I inhibitors can bind to kinases in both the active and inactive 
conformations, but so far all type II inhibitors have been co-crystal-
lized with kinases that are not phosphorylated in the activation loop, 
which assumes the DFG-out conformation (Fig. 2). The mechanisms by 
which type II inhibitors might bind to kinases in which the activation 
loop is phosphorylated remain unclear. Because the crystallographically 
observed type II inhibitor binding mode is not compatible with the 
active conformation5, there may be another kinase conformation that 
type II inhibitors use for binding to activation loop–phosphorylated 
kinases. A further consideration is whether the activation loop can 
become phosphorylated or dephosphorylated once the kinase is bound 
by a type II inhibitor. A detailed comparison of the binding features of 
type I and type II inhibitors can be found in Table 1.

First-generation type II inhibitors
The first set of type II inhibitors were all developed by kinase enzyme 
activity–guided optimization starting from two simple screening hits: 
a phenylaminopyrimidine (PAP) in the case of imatinib and a biaryl 
urea in the case of BIRB796 and sorafenib (Fig. 3a)21–23. Concomitant 
introduction of the so-called ‘flag’ methyl and a meta-benzamide func-
tionality into imatinib converted the compound, which was intially a 
scaffold that targeted protein kinase C (PKC) and cyclin-dependent 
kinases (CDKs), into a compound that preferentially inhibited Abl 
(Fig. 3b)21. The researchers obtained imatinib through the addition of 
a methylpiperazine group to the para position of the benzamide, which 
greatly enhanced the water solubility and physicochemical properties 
of the compound. Although the medicinal chemistry was based on a 
molecular model that incorrectly predicted that the phenylaminopy-
rimidine motif would form the expected hydrogen bonding pair to the 

kinase hinge, the enzyme-selectivity assays still guided optimization 
correctly. Once the crystal structure of imatinib in complex with Abl 
was solved, it became clear that the flag methyl and meta-benzamide 
substitutions had introduced conformational preferences and hydrogen
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Figure 1  Binding modes of kinase inhibitors. (a) Schematic representation 
of the ATP binding site divided into subregions. (b) Schematic representation 
of the allosteric binding site. (c) Ribbon diagram of ATP binding site with 
a DFG-in activation-loop conformation (active conformation). (d) Ribbon 
diagram of a representative of type II binding mode showing the DFG-out 
activation-loop conformation (inactive conformation).
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•  Type	I	and	Type	II	binders	tend	to	exhibit	pan-Trk	activity	rather	(no	residue	differences	in	the	ATP	binding	site)	
•  Isoform	selectivity	has	been	achieved	with	type	III	allosteric	ligands	which	do	not	interact	with	the	conserved	
hinge	region		

Steph McCabe @ Wipf Group Page 7 of 20 6/23/2018



8	

TrkA	Selective/Allosteric	Hit			

■ RESULTS AND DISCUSSION
Hit Identification. We recently reported the discovery of a

potent pan-Trk inhibitor 1 as a development clinical
candidate.19,41 Ligand 1 is an equipotent inhibitor of all three
Trk kinases and was identified by following up a high
throughput screen (HTS) of the full Pfizer file using TrkA
and TrkB cell based assays.19,32,41 It is a Type II inhibitor that
binds to the inactive form of TrkA in a DFG-out conformation
(Figure 5A). In order to find TrkA subtype selective hits, the
HTS data set was reanalyzed to focus on compounds selective
for TrkA over TrkB. The selection criteria were as follows:
demonstration of some possibility for TrkA selectivity over
TrkB in the existing data set (≥2-fold or not determined),

chemotypes that were not known pan-Trk inhibitors from the
Pfizer pan-Trk program,32,41 and lack of a common kinase
hinge binder.42 Based on this analysis, a set of ∼250
compounds was prioritized for test at TrkA and TrkB in cell
based assays at high concentration of 50 μM.41,43 The data
generated suggested that the vast majority of these compounds
were not active at TrkA (TrkA cell IC50 > 50 μM) or were
nonselective over TrkB (<2-fold). However, a promising hit
(2 ) emerged that was active at TrkA (TrkA cell IC50 3.3 μM)
and >10-fold selective over TrkB (TrkB cell IC50 > 50 μM)
(Figure 5). The allosteric nature of this hit was confirmed via
X-ray crystallography with a 1.93 Å cocrystal structure of 2 with
TrkA protein. Compound 2 was indeed a Type III binder at

Figure 5. (A) Cocrystal structure of pan-Trk inhibitor 1 bound to TrkA protein in a DFG-out conformation; ligand 1 shown in CPK space filling
model; some parts of the G-loop, activation loop, and JM domain are not solved. (B) Overlay of the bound conformation in TrkA protein of DFG-
out binder 1 (gray) and allosteric ligand 2 (magenta) indicating a region of common TrkA binding site occupancy. (C) Cocrystal structure of 2
bound to TrkA protein in a DFG-out conformation that is similar to the apo DFG-out conformation. Ligand 2 binds in an allosteric pocket created
by the activation loop and JM domain; ligand 2 shown in CPK space filling model.

Figure 6. (A) Cocrystal structure of TrkA selective ligand 2 bound to TrkA protein highlighting key protein−ligand interactions with white dashed
lines with distances given in Å. (B) Cocrystal structure of TrkA selective ligand 2 bound to TrkA protein highlighting locations and thermodynamic
properties of selected water molecules estimated by WaterMap. Oxygen atoms of selected waters are highlighted as CPK spheres with
thermodynamic profiles. Water coloring scheme represents the stability of the water: unstable waters (high δG) are colored red and stable waters
(low δG) are colored blue.
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•  Type	II	inhibitor	
•  Binds	to	DFG-out	conformation	
•  Binds	to	the	hinge	region	
•  Extends	into	the	DFG	pocket	

•  Type	III	inhibitor	
•  Binds	to	DFG-out	conformation	
•  Does	not	bind	to	the	hinge	region	
•  Binds	to	an	allosteric	hydrophobic	pocket		
							and	interacts	with	the	JM	domain	
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TrkA with the activation loop and juxtamembrane (JM)
domain contributing to the binding site (Figure 5C). This
binding site is similar to that reported by Furuya and Su.44,45 In
this structure TrkA adopts a DFG-out conformation similar to
the apo TrkA structure and is reminiscent of the allosteric
binders to the receptor tyrosine kinase IGFR-1R. Figure 5
highlights the difference in binding mode between pan-Trk
inhibitor 1 and TrkA selective inhibitor 2. Whereas both
compounds bind to the DFG-out conformation, the pan-Trk
ligand 1 interacts with the kinase hinge and extends into the
DFG pocket, while the TrkA selective ligand 2 does not
interact with the hinge and binds exclusively in a hydrophobic
allosteric pocket supported by the JM domain. The ligand
bound overlay of 1 and 2 in Figure 5B indicates an area of
common ligand occupancy in the DFG pocket. Figure 6A
highlights key protein−ligand interactions between 2 and TrkA
protein. There are hydrogen bonds between the side chain of
Asp668 on the activation loop and NH of 2, and between main
chain NHs of Leu486 and Gly485 on the JM domain with the
carbonyl oxygen of 2. Lys544 forms a pi−cation interaction
with the unsubstituted aryl ring. Moreover, this aryl unit

participates in hydrophobic van der Waals interactions with
Phe589, Leu486, Leu564, and other nearby lipophilic regions
(Figures 3 and 6). A halogen bond may also be identified
between the aromatic ortho-Cl group in 2 and main chain
carbonyl of His648. The observed TrkA selectivity over TrkB/
C can be explained by the allosteric binding mode because the
ligand interacts with the JM domain. The JM domain of TrkA is
shorter than TrkB/C, and TrkA has a number of residue
differences in the protein−ligand interacting region when
compared with TrkB/C (Figure 7). Thus, the JM conformation
presented to ligand 2 by TrkA is likely to be different from that
presented by TrkB/C leading to preferential ligand binding at
TrkA. Moreover, Kania et al. have recently discussed the impact
of JM domain conformation on protein−ligand interaction with
the class of VEGFR inhibitors and concluded that the greatest
potency and drug efficiency was garnered from interactions that
worked with a natural autoinhibitory state of the enzyme.46 In
this case, the allosteric series exemplified by ligand 2 stabilizes
the autoinhibitory apo state of TrkA. Su and Furuya reported
similar binding modes of TrkA inhibitors.44

Figure 7. Sequence alignment of the TrkA, TrkB, and TrkC JM domains. The motif interacting with TrkA selective allosteric ligand 2 is highlighted
in red and indicates the putative origin of TrkA selectivity over TrkB/C.

Scheme 1. Optimization of Allosteric Hit 2 to Lead Molecule 3

Scheme 2. Synthesis of Lead Molecule 3 via Introduction of an Aminopyridine Moiety Using a Two-step−One-pot Borylation−
Suzuki Coupling Methodologya

aReagents and conditions: (i) NaNO2, BF3·OEt2, DCM, −15 °C, 97%; (ii) pyridine, MeOH; (iii) K2CO3, DCM, rt, 30% over three steps; (iv) T3P,
pyridine, Me-THF, 85 °C, 73%; (v) bis(pinacolato)diboron, KOAc, Pd(dppf)Cl2, dioxane, 100 °C, 3 h; (vi) Na2CO3, Pd(dppf)Cl, dioxane, H2O,
110 °C, 16 h, 60% over two steps; (vii) H2O2, K2CO3, DMSO, rt, 3 h, 58%.
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TrkA	Selective/Allosteric	Hit			
•  The	interaction	of	the	JM	domain	with	the	ligand	may	explain	isoform	selectivity	
•  The	JM	domain	is	less	conserved	across	Trks	
•  The	JM	domain	of	TrkA	is	shorter	than	TrkB/C	so	likely	presents	a	different	conformation	to	the	ligand		
•  The	cocrystal	structure	shows	a	H-bond	between	the	main	chain	N-Hs	of	Leu486	and	Gly485	with	the	C=O	of	the	

ligand	

Cl
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O
N
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Hit

TrkA cell IC50 3.3 µM
TrkB/C cell IC50 >50 µM
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Trk	A	IC50	(nM)		 Single	digit	nM	ideal	(potent)	–	they	chose	≤15	nM		

MW/logD7.4	 MW<500	(for	good	oral	
bioavailability)	✔	
	

Log	D7.4	<	1		high	solubility,	but	permeability	issues,	susceptible	to	renal	clearance	
Log	D7.4	1-3	=	optimal	range	(good	balance	between	solubility	and	passive	permeability)✔	
Log	D7.4	3-5	=	low	solubility	(increased	metabolic	liability)	
Log	D7.4	>	5	=	very	low	solubility	(high	metabolic	clearance)	

LipE	 Lipophilic	efficiency	(=	pIC50	–	logD):							LipeE	<3	=	poor	
																																																																											LipE	3-5	=	moderate	
																																																																											LipE	5-7	=	good	✔										e.g.	lipE		6	(e.g.	9	(pIC50)	–	3(logP)	for	1	nM	inhibitor	

HLM	Clint	(µL/min/mg	
protein)	

HLM	Clint	≤	8.6	µL	=	low		✔	
HLM	Clint	8.6–47	=	medium	
HLM	Clint	≥	47		=	high	

hHeps	Clint	(µL/min/
106cells)	

HLM	Clint	≤	3.5	=	low		✔	
HLM	Clint	3.5–19	=	medium	
HLM	Clint	≥	19	=	high	

P-gp/BCRP	
	ER	(PappB-A/PappA-B	)	

§  ≤1	=	no	significant	efflux		✔ (+usually	good)	
§  2-3	=	modest	efflux	
§  ≥	3	=	significant	efflux	[✔ for	a	peripherally	restricted	drug)	

RRCK	A-B	Papp	(x	10-6	
cms-1)	

§  Papp<	2	=	low	permeability	
§  Papp	2–20	=	moderate	permeability			
§  Papp>	20	=	high	permeability		✔	

Solubility	(µM)	 §  <10	µM	=	low	solubility	
§  10-100	µM	=	moderate	solubility			
§  >100	µM	=	high	solubility		✔	

§  <10	µg/mL	=	low	solubility	
§  10-60	µg/mL	=	moderate	solubility			
§  >60	µg/mL	=	high	solubility		✔

Physio-	and	Biochemical	Properties	
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TrkA	cell	IC50	(µM)		 3.3	✗	

TrkB/C	cell	IC50	(µM)		 >50	µM	✔	

MW/logD7.4	 346	✔/3.3~	

LipE	 2.2	✗	

HLM	Clint(µL/min/mg)	 35	✗	

hHeps	Clint(µL/min/mill)	 48	✗	

P-gp/BCRP	ER	 1	✗/ND	

RRCK	A-B	Papp	(x	10-6	cms-1)	 30	✔	

PSA	 47	✔	

TrkA	Selective/Allosteric	Hit			
Cl

Cl

H
N

O
N

N

Hit
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■ RESULTS AND DISCUSSION
Hit Identification. We recently reported the discovery of a

potent pan-Trk inhibitor 1 as a development clinical
candidate.19,41 Ligand 1 is an equipotent inhibitor of all three
Trk kinases and was identified by following up a high
throughput screen (HTS) of the full Pfizer file using TrkA
and TrkB cell based assays.19,32,41 It is a Type II inhibitor that
binds to the inactive form of TrkA in a DFG-out conformation
(Figure 5A). In order to find TrkA subtype selective hits, the
HTS data set was reanalyzed to focus on compounds selective
for TrkA over TrkB. The selection criteria were as follows:
demonstration of some possibility for TrkA selectivity over
TrkB in the existing data set (≥2-fold or not determined),

chemotypes that were not known pan-Trk inhibitors from the
Pfizer pan-Trk program,32,41 and lack of a common kinase
hinge binder.42 Based on this analysis, a set of ∼250
compounds was prioritized for test at TrkA and TrkB in cell
based assays at high concentration of 50 μM.41,43 The data
generated suggested that the vast majority of these compounds
were not active at TrkA (TrkA cell IC50 > 50 μM) or were
nonselective over TrkB (<2-fold). However, a promising hit
(2 ) emerged that was active at TrkA (TrkA cell IC50 3.3 μM)
and >10-fold selective over TrkB (TrkB cell IC50 > 50 μM)
(Figure 5). The allosteric nature of this hit was confirmed via
X-ray crystallography with a 1.93 Å cocrystal structure of 2 with
TrkA protein. Compound 2 was indeed a Type III binder at

Figure 5. (A) Cocrystal structure of pan-Trk inhibitor 1 bound to TrkA protein in a DFG-out conformation; ligand 1 shown in CPK space filling
model; some parts of the G-loop, activation loop, and JM domain are not solved. (B) Overlay of the bound conformation in TrkA protein of DFG-
out binder 1 (gray) and allosteric ligand 2 (magenta) indicating a region of common TrkA binding site occupancy. (C) Cocrystal structure of 2
bound to TrkA protein in a DFG-out conformation that is similar to the apo DFG-out conformation. Ligand 2 binds in an allosteric pocket created
by the activation loop and JM domain; ligand 2 shown in CPK space filling model.

Figure 6. (A) Cocrystal structure of TrkA selective ligand 2 bound to TrkA protein highlighting key protein−ligand interactions with white dashed
lines with distances given in Å. (B) Cocrystal structure of TrkA selective ligand 2 bound to TrkA protein highlighting locations and thermodynamic
properties of selected water molecules estimated by WaterMap. Oxygen atoms of selected waters are highlighted as CPK spheres with
thermodynamic profiles. Water coloring scheme represents the stability of the water: unstable waters (high δG) are colored red and stable waters
(low δG) are colored blue.

Journal of Medicinal Chemistry Article
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TrkA	cell	IC50	(µM)		 0.050	✗	

TrkB/C	cell	IC50	(µM)		 14/4.1	✔	

MW/logD7.4	 432	✔/2.3	✔	

LipE	 5.0	✔	

HLM	Clint(µL/min/mg)	 <8	✔	

hHeps	Clint(µL/min/mill)	 18	~	

HLM	UGT	Clint(µL/min/mg)	 29	✗	

P-gp/BCRP	ER	 5	✔/7	✔	

RRCK	A-B	Papp	(x	10-6	cms-1)	 17	~	

PSA	 129	✔	

Lead	Properties	

peripheral 
Restriction: 
Cb,u/Cp,u ~ 4% 
 

TrkA	cell	IC50	(µM)		 3.3	✗	

TrkB/C	cell	IC50	(µM)		 >50	µM	✔	

MW/logD7.4	 346	✔/3.3~	

LipE	 2.2	✗	

HLM	Clint(µL/min/mg)	 35	✗	

hHeps	Clint(µL/min/mill)	 48	✗	

P-gp/BCRP	ER	 1	✗/ND	

RRCK	A-B	Papp	(x	10-6	cms-1)	 30	✔	

PSA	 47	✔	
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Hit to Lead Optimization. Allosteric hit 2 exhibited the
following profile: TrkA cell IC50 3.3 μM, ligand efficiency (LE)
0.33, and lipophilic efficiency (LipE) 2.2 (LipE = −Log(TrkA
cell IC50) − LogD). While this LE provided a reasonable
starting point, the potency and LipE required significant
improvement. Moreover, the potential for drug action at this
allosteric site represented a key question: will sufficient potency
and LipE be achievable in this lipophilic binding site such that a
clinical candidate is a viable proposition? Analysis of the
cocrystal structure shown in Figure 6A determined the
optimization strategy for hit 2 . A number of ligands that bind
to kinases in the DFG-out conformation interact with the
backbone NH of the DFG motif, for example, pan-Trk ligand
1 ,19,41 imatinib,47 and BIRB 796.48 The corresponding
interaction with the main chain Asp668 NH could be targeted
by building on the meta position of the dichlorophenyl unit of
2 (Figure 6A). The pyrazole methyl group has a vector toward
the kinase exit, which is solvent exposed. This vector could be
used to append polarity and decrease the lipophilicity of ligand
2 (LogD 3.3). Bound water molecules identified by
crystallography were also analyzed using WaterMap (Figure
6B), which maps the locations and thermodynamic properties

of water molecules that solvate protein binding sites.49,50 A
number of relatively unstable water molecules calculated to
have an unfavorable free energy and enthalpy relative to solvent
water (colored red, Figure 6B) were identified in the direction
of the kinase hinge. Such water molecules have been reported
to be successfully replaced by lipophilic groups.49,50 A cluster of
water molecules that appeared to be more stable (colored blue,
Figure 6B) could be identified at the pyrazole methyl,
consistent with the methyl pointing toward solvent. Based
upon the considerations outlined above, ligand 2 was optimized
to lead molecule 3 (Scheme 1). A series of virtual molecules
was designed based on a Suzuki coupling reaction with
commercially or internally available acids (Scheme 2). Eleven
thousand molecules were created and docked against the X-ray
structure of 2 (see Experimental Section). The molecules were
then prioritized based on docking score as well as presence/
absence of hydrogen bond with backbone NH of Asp668 in a
docking pose. One hundred molecules were selected for
synthesis and tested in the TrkA and TrkB cellular assays. As a
result, 3 showed a significant improvement in potency (TrkA
cell IC50 50 nM) and LipE (5) and maintained >80-fold TrkA
selectivity over TrkB/C in cell based assays (Scheme 1).41,43

Figure 8. (A) Cocrystal structure of lead molecule 3 bound to TrkA protein highlighting key protein−ligand interactions with white dashed lines
with distances given in Å. (B) Cocrystal structure of lead molecule 3 bound to TrkA protein highlighting interactions with Arg673 and Asp668 with
white dashed lines. Parts of TrkA protein omitted for clarity. (C) Cocrystal structure of lead molecule 3 bound to TrkA protein highlighting allosteric
binding site surface with brown representing hydrophobic regions, green representing neutral polarity regions, and blue representing polar regions.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.8b00280
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F

Cocrystal	Structure	of	Lead	
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•  H-bond	amino	NH2/	main	chain	C=O	Asp668		
•  H-bond	amide	C=O/	NH2	Arg673	
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Hit to Lead Optimization. Allosteric hit 2 exhibited the
following profile: TrkA cell IC50 3.3 μM, ligand efficiency (LE)
0.33, and lipophilic efficiency (LipE) 2.2 (LipE = −Log(TrkA
cell IC50) − LogD). While this LE provided a reasonable
starting point, the potency and LipE required significant
improvement. Moreover, the potential for drug action at this
allosteric site represented a key question: will sufficient potency
and LipE be achievable in this lipophilic binding site such that a
clinical candidate is a viable proposition? Analysis of the
cocrystal structure shown in Figure 6A determined the
optimization strategy for hit 2 . A number of ligands that bind
to kinases in the DFG-out conformation interact with the
backbone NH of the DFG motif, for example, pan-Trk ligand
1 ,19,41 imatinib,47 and BIRB 796.48 The corresponding
interaction with the main chain Asp668 NH could be targeted
by building on the meta position of the dichlorophenyl unit of
2 (Figure 6A). The pyrazole methyl group has a vector toward
the kinase exit, which is solvent exposed. This vector could be
used to append polarity and decrease the lipophilicity of ligand
2 (LogD 3.3). Bound water molecules identified by
crystallography were also analyzed using WaterMap (Figure
6B), which maps the locations and thermodynamic properties

of water molecules that solvate protein binding sites.49,50 A
number of relatively unstable water molecules calculated to
have an unfavorable free energy and enthalpy relative to solvent
water (colored red, Figure 6B) were identified in the direction
of the kinase hinge. Such water molecules have been reported
to be successfully replaced by lipophilic groups.49,50 A cluster of
water molecules that appeared to be more stable (colored blue,
Figure 6B) could be identified at the pyrazole methyl,
consistent with the methyl pointing toward solvent. Based
upon the considerations outlined above, ligand 2 was optimized
to lead molecule 3 (Scheme 1). A series of virtual molecules
was designed based on a Suzuki coupling reaction with
commercially or internally available acids (Scheme 2). Eleven
thousand molecules were created and docked against the X-ray
structure of 2 (see Experimental Section). The molecules were
then prioritized based on docking score as well as presence/
absence of hydrogen bond with backbone NH of Asp668 in a
docking pose. One hundred molecules were selected for
synthesis and tested in the TrkA and TrkB cellular assays. As a
result, 3 showed a significant improvement in potency (TrkA
cell IC50 50 nM) and LipE (5) and maintained >80-fold TrkA
selectivity over TrkB/C in cell based assays (Scheme 1).41,43

Figure 8. (A) Cocrystal structure of lead molecule 3 bound to TrkA protein highlighting key protein−ligand interactions with white dashed lines
with distances given in Å. (B) Cocrystal structure of lead molecule 3 bound to TrkA protein highlighting interactions with Arg673 and Asp668 with
white dashed lines. Parts of TrkA protein omitted for clarity. (C) Cocrystal structure of lead molecule 3 bound to TrkA protein highlighting allosteric
binding site surface with brown representing hydrophobic regions, green representing neutral polarity regions, and blue representing polar regions.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.8b00280
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SAR/	SPR:	Summary		

Entry	 R1	 R2	 R3	 TrkA	cell	
IC50	(µM)		

LogD	 LipE	 HLM	 HLM	UGT	 hHep	 RRCK	
Papp	

P-gp	
ER	

BCRP	
ER	

1	 H	 Cl	 H	 0.014	✔	 3	✔	 4.9	✔	
	

<8	✔	 <1.9	✔	 17	~	
	

17	~	
	

4.2	✔	 ND	

2	 H	 CH3	 H	 0.041	✗	 2.6	✔	 4.8	~	
	

46	✗	 ND	 36	✗	
	

12	~	
	

4.6	✔	
	

ND	

3	 H	 Cl	 0.031	✗	 0.94	✗	 6.6	✔	 9		~	
	

ND	 3.2	✔	
	

0.72	✗	
	

12	✔	
	

ND	

4	 H	 Cl	 0.014	✔	 2.8	✔	 5.1	✔	 <8	✔	 ND	 9	~	
	

12	~	
	

30	✔	
	

ND	

5	 H	 Cl	 0.010	✔	 3.3	~	
	

4.7	~	 <8	✔	 ND	 4.7	~	
	

16	~	
	

28	✔	
	

103	✔	
	

OH

NH2

OH

Lead

optimize
SAR/ SPR

TrkA cell IC50 0.050 µM
TrkB/C cell IC5o 14/4.1 µM
LipE 5.0
LogD 2.3
RRCK 17
HLM <8, hUGT 29, hHep 18
P-gp ER 5
BCRP ER 7
Peripheral restriction Cbu/Cpu ~ 4%
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Synthesis	of	Candidate	Molecule	

Cl Cl

OH

O MeOH, H2SO4
reflux; 98%

Cl Cl

O

O (Bpin)2, [[Ir(cod)OMe]2
THF, reflux, 1-7 h

Cl Cl

O

O
B
O

O
Pd(PPh3)4, K2CO3, H2O
THF, reflux, 2 h

Cl Cl

O

ON

N
NN

H

O
OO

Cl
Cl

N

N
NH2N

O
O

+

T3P, DIPEA
2-Me-THF; 77%

NaOH, IMS, 25 °C
1 h; 70%

N
NN

H

O

O

Cl
Cl

N OH

H2N OH+
N

N O
N O

BF4

N
NN

H

O

O

Cl
Cl

N NH

OH

DIPEA, DMF, rt, 2 h; 75%

>300 g synthesized
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efficient than 8 (TrkA cell IC50 0.11 μM, LipE 4.2), which is
consistent with the size of the binding site pocket occupied by
R2 in TrkA (Figure 8C). The R1 substituent had a vector
toward the kinase exit and appeared to tolerate a range of
substituents such as alcohols, amines, and heterocycles, e.g.,
18 −25 (Table 3). Secondary amides were generally more
potent and LipE efficient than tertiary amides; e.g., 5-[[2-
chloro-5-(2-pyridyl)benzoyl]amino]-N,N-dimethyl-1-phenyl-
pyrazole-3-carboxamide, the dimethyl amide derivative of
ligand 3 (−C(O)N(CH3)2, TrkA cell IC50 0.095 μM, LipE
4.6), was ca. 2-fold less potent and had a lower LipE than 3
(TrkA cell IC50 0.05 μM, LipE 5.0), possibly because the
additional HBD in 3 interacts with the water network (Figures
6B and 8B). Despite the R1 substituent SAR being relatively
tolerant, the key challenge was balancing the properties
required for a clinical candidate consistent with a once or
twice daily dosing regimen. In particular, potency (TrkA cell
IC50 < 15 nM), apparent permeability (RRCK Papp > 5 × 10−6

cm s−1),54,55 P-gp and BCRP efflux (ER > 2.5), and metabolic
stability (hHep CLint ≤ 5 μL/min/million cells) were
important parameters that needed to be balanced within
certain ranges to predict with reasonable probability the desired
dose and PK profile in humans, using physiologically based
pharmacokinetic modeling.58 For example, although amines
such as 21 were potent TrkA inhibitors (Table 3), they often
exhibited poor apparent permeability (RRCK Papp 0.72 × 10−6

cm s−1), which could limit oral absorption.54,55 Oxetane
derivative 22 was a potent TrkA inhibitor (TrkA cell IC50 9.9
nM) but appeared to be chemically unstable at low pH ≤ 2,
which made clinical development more complicated (Table 3).
The oxetane instability was postulated to involve ring opening
of the protonated oxetane. The primary alcohols 18 −19
appeared promising as they met the desired potency, apparent
permeability, and P-gp and BCRP efflux substrate profile,
although the metabolic stability in hHep was still moderate
(hHep CLint ≈ 10 μL/min/million cells). Several known
metabolic pathways for primary alcohols such as 18 −19 involve
oxidation or conjugation of the alcohol moiety. In order to
reduce metabolism involving the primary alcohol, tertiary
alcohols 23 −25 were prepared. Alcohols 23 −24 exhibited

higher metabolic stability in hHep (hHep CLint = 3−5 μL/min/
million cells) than 18 −19 (hHep CLint ≈ 10 μL/min/million
cells) despite being more lipophilic than 18 −19 (δLogD + 0.5).
This suggested that a major metabolism pathway for 18 −19
involved the primary alcohol group, and this pathway can be
successfully attenuated by introduction of the gem-dimethyl
group.59 Ligands 23 and 24 met the desired criteria for potency
(TrkA cell IC50 = 10 and 4.7 nM), permeability (RRCK Papp =
16 and 12 × 10−6 cm s−1), P-gp (ER = 28 and 23) and BCRP
(ER = 103 and 69) efflux, and metabolic stability (hHep CLint =
4.7 and 3.7 μL/min/106 cells), respectively. Assuming CL is
predicted accurately from metabolism in hHep, systemic CL of
23 and 24 in human is predicted to be 0.59 and 0.74 mL/min/
kg, respectively, resulting in predicted human PK half-lives of
approximately 30 h in both cases. Moreover, oral/i.v. PK
studies in rats indicated that both compounds possess sufficient
permeability in the intestine to achieve adequate absorption via
the oral route, in spite of the presence of active efflux, as oral
bioavailability was 72 and 46% for 23 and 24 , respectively
(Table 1). Moreover, both compounds displayed marked
peripheral restriction that was likely to be the result of efflux via
P-gp and/or BCRP at the BBB because of the much lower
unbound systemic exposure of the compounds than prevails in
the gut lumen following oral administration (Table 1).
Compound 23 was progressed in preference to 24 due to its
slightly higher oral bioavailability in rat and a more favorable
CYP induction profile in vitro (data not shown).60

Figure 9 shows a 1.94 Å cocrystal structure of 23 with TrkA
protein. The pyridyl N forms a hydrogen bond with NH
Asp668 as seen with lead molecule 3 (Figure 8). The 2,4-
dichloro aryl unit occupies the lipophilic pocket identified in
Figure 8 using the 4-Cl group, with the dihedral angle between
the pyridyl-aryl groups being 45.8°. The terminal amide CO
interacts with the side chain of Arg673 along with some of the
structural waters (two waters shown in Figure 9) and forms
part of the water network. The tertiary alcohol also interacts
with water as it approaches regions that are more solvent
exposed.
Compound 23 was 180-fold selective over TrkB and 70-fold

selective over TrkC in cell based assays (TrkB cell IC50 1.8 μM,

Figure 9. (A) Cocrystal structure of candidate molecule 23 bound to TrkA protein highlighting key protein−ligand interactions with white dashed
lines with distances given in Å. (B) Cocrystal structure of candidate molecule 23 bound to TrkA protein highlighting interactions with Arg673 and
waters with white dashed lines. Parts of TrkA protein omitted for clarity.
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efficient than 8 (TrkA cell IC50 0.11 μM, LipE 4.2), which is
consistent with the size of the binding site pocket occupied by
R2 in TrkA (Figure 8C). The R1 substituent had a vector
toward the kinase exit and appeared to tolerate a range of
substituents such as alcohols, amines, and heterocycles, e.g.,
18 −25 (Table 3). Secondary amides were generally more
potent and LipE efficient than tertiary amides; e.g., 5-[[2-
chloro-5-(2-pyridyl)benzoyl]amino]-N,N-dimethyl-1-phenyl-
pyrazole-3-carboxamide, the dimethyl amide derivative of
ligand 3 (−C(O)N(CH3)2, TrkA cell IC50 0.095 μM, LipE
4.6), was ca. 2-fold less potent and had a lower LipE than 3
(TrkA cell IC50 0.05 μM, LipE 5.0), possibly because the
additional HBD in 3 interacts with the water network (Figures
6B and 8B). Despite the R1 substituent SAR being relatively
tolerant, the key challenge was balancing the properties
required for a clinical candidate consistent with a once or
twice daily dosing regimen. In particular, potency (TrkA cell
IC50 < 15 nM), apparent permeability (RRCK Papp > 5 × 10−6

cm s−1),54,55 P-gp and BCRP efflux (ER > 2.5), and metabolic
stability (hHep CLint ≤ 5 μL/min/million cells) were
important parameters that needed to be balanced within
certain ranges to predict with reasonable probability the desired
dose and PK profile in humans, using physiologically based
pharmacokinetic modeling.58 For example, although amines
such as 21 were potent TrkA inhibitors (Table 3), they often
exhibited poor apparent permeability (RRCK Papp 0.72 × 10−6

cm s−1), which could limit oral absorption.54,55 Oxetane
derivative 22 was a potent TrkA inhibitor (TrkA cell IC50 9.9
nM) but appeared to be chemically unstable at low pH ≤ 2,
which made clinical development more complicated (Table 3).
The oxetane instability was postulated to involve ring opening
of the protonated oxetane. The primary alcohols 18 −19
appeared promising as they met the desired potency, apparent
permeability, and P-gp and BCRP efflux substrate profile,
although the metabolic stability in hHep was still moderate
(hHep CLint ≈ 10 μL/min/million cells). Several known
metabolic pathways for primary alcohols such as 18 −19 involve
oxidation or conjugation of the alcohol moiety. In order to
reduce metabolism involving the primary alcohol, tertiary
alcohols 23 −25 were prepared. Alcohols 23 −24 exhibited

higher metabolic stability in hHep (hHep CLint = 3−5 μL/min/
million cells) than 18 −19 (hHep CLint ≈ 10 μL/min/million
cells) despite being more lipophilic than 18 −19 (δLogD + 0.5).
This suggested that a major metabolism pathway for 18 −19
involved the primary alcohol group, and this pathway can be
successfully attenuated by introduction of the gem-dimethyl
group.59 Ligands 23 and 24 met the desired criteria for potency
(TrkA cell IC50 = 10 and 4.7 nM), permeability (RRCK Papp =
16 and 12 × 10−6 cm s−1), P-gp (ER = 28 and 23) and BCRP
(ER = 103 and 69) efflux, and metabolic stability (hHep CLint =
4.7 and 3.7 μL/min/106 cells), respectively. Assuming CL is
predicted accurately from metabolism in hHep, systemic CL of
23 and 24 in human is predicted to be 0.59 and 0.74 mL/min/
kg, respectively, resulting in predicted human PK half-lives of
approximately 30 h in both cases. Moreover, oral/i.v. PK
studies in rats indicated that both compounds possess sufficient
permeability in the intestine to achieve adequate absorption via
the oral route, in spite of the presence of active efflux, as oral
bioavailability was 72 and 46% for 23 and 24 , respectively
(Table 1). Moreover, both compounds displayed marked
peripheral restriction that was likely to be the result of efflux via
P-gp and/or BCRP at the BBB because of the much lower
unbound systemic exposure of the compounds than prevails in
the gut lumen following oral administration (Table 1).
Compound 23 was progressed in preference to 24 due to its
slightly higher oral bioavailability in rat and a more favorable
CYP induction profile in vitro (data not shown).60

Figure 9 shows a 1.94 Å cocrystal structure of 23 with TrkA
protein. The pyridyl N forms a hydrogen bond with NH
Asp668 as seen with lead molecule 3 (Figure 8). The 2,4-
dichloro aryl unit occupies the lipophilic pocket identified in
Figure 8 using the 4-Cl group, with the dihedral angle between
the pyridyl-aryl groups being 45.8°. The terminal amide CO
interacts with the side chain of Arg673 along with some of the
structural waters (two waters shown in Figure 9) and forms
part of the water network. The tertiary alcohol also interacts
with water as it approaches regions that are more solvent
exposed.
Compound 23 was 180-fold selective over TrkB and 70-fold

selective over TrkC in cell based assays (TrkB cell IC50 1.8 μM,

Figure 9. (A) Cocrystal structure of candidate molecule 23 bound to TrkA protein highlighting key protein−ligand interactions with white dashed
lines with distances given in Å. (B) Cocrystal structure of candidate molecule 23 bound to TrkA protein highlighting interactions with Arg673 and
waters with white dashed lines. Parts of TrkA protein omitted for clarity.
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•  H-bond	Pyridine	N/	Asp668	NH	
•  2,4-dichloroaryl	moiety	occupies	the	lipophilic	pocket	
•  The	4-Cl	substituent	results	in	an	optimal	dihedral	angle	

of	45.8	°	between	the	pyridyl/aryl	rings	
•  H-bond	terminal	amide	C=O/	Arg673	NH2	
•  Tertiary	alcohol	interacts	with	water	network	
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Entry	 Cpd	 Dose	
(mg/kg)	

T1/2	(h)	 Plasma	CL	(mL/
min/kg)	

Vd	(L/kg)	 Cb,u/Cp/u	

1	 lead	 1	 1.6	 31.5	 1.3	 0.041	

2	 candidate	 0.5		 2.7		 11.9	 2.8	 0.014	

PK	Properties	

i.v.	administration	(rat)	

p.o.	administration	(rat)	

Entry	 Cpd	 Dose	(mg/kg)	 T1/2	(h)	 Oral	F	(%)	

1	 lead	 3	 0.5	 6	

2	 candidate	 2	 4	 72	

Volume	of	
distribution		

Vd	 >10	L/kg	=	high	
<1	L/kg	=	low	

Plasma	
clearance	

	

Cl	 Rat:	>45	mL/min/kg	=	high	
Rat:	<10	mL/min/kg	=	low	

Half-life	 T1/2	 Rat:	>	3	h	=	high	
Rat:	<	1	h	=	low	

Oral	
bioavailability	

%F	 >50%	=	high	
<20%	=	low	

Peripheral	
restriction	

Cb,u/
Cp/u	

<	0.05	=	peripherally	
restricted	
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O
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Lead

optimize
SAR/ SPR

Candidate
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•  Excellent	kinome	selectivity	(392	
kinases	<15%	inhibition	at	10	
µM)	

•  Ligand	profiling	in	84	target	
assays	(off-target	liability)		
	(no	hits	with	inhibition	>40%	
	at	10	μM)		
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§  The	tyrosine	receptor		kinase	tropomyosin	related	kinase	A	(TrkA)	is	an	important	target	
in	pain	therapy	

§  TrkA	isoform	selectivity	was	achieved	by	developing	a	type	III	allosteric	ligand	
§  The	optimized	TrkA	inhibitor	was	highly	potent,	isoform-selective,	orally	bioavailable	and	

peripherally	restricted	and	nominated	as	a	candidate	for	clinical	development	for	the	
treatment	of	pain	
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efficient than 8 (TrkA cell IC50 0.11 μM, LipE 4.2), which is
consistent with the size of the binding site pocket occupied by
R2 in TrkA (Figure 8C). The R1 substituent had a vector
toward the kinase exit and appeared to tolerate a range of
substituents such as alcohols, amines, and heterocycles, e.g.,
18 −25 (Table 3). Secondary amides were generally more
potent and LipE efficient than tertiary amides; e.g., 5-[[2-
chloro-5-(2-pyridyl)benzoyl]amino]-N,N-dimethyl-1-phenyl-
pyrazole-3-carboxamide, the dimethyl amide derivative of
ligand 3 (−C(O)N(CH3)2, TrkA cell IC50 0.095 μM, LipE
4.6), was ca. 2-fold less potent and had a lower LipE than 3
(TrkA cell IC50 0.05 μM, LipE 5.0), possibly because the
additional HBD in 3 interacts with the water network (Figures
6B and 8B). Despite the R1 substituent SAR being relatively
tolerant, the key challenge was balancing the properties
required for a clinical candidate consistent with a once or
twice daily dosing regimen. In particular, potency (TrkA cell
IC50 < 15 nM), apparent permeability (RRCK Papp > 5 × 10−6

cm s−1),54,55 P-gp and BCRP efflux (ER > 2.5), and metabolic
stability (hHep CLint ≤ 5 μL/min/million cells) were
important parameters that needed to be balanced within
certain ranges to predict with reasonable probability the desired
dose and PK profile in humans, using physiologically based
pharmacokinetic modeling.58 For example, although amines
such as 21 were potent TrkA inhibitors (Table 3), they often
exhibited poor apparent permeability (RRCK Papp 0.72 × 10−6

cm s−1), which could limit oral absorption.54,55 Oxetane
derivative 22 was a potent TrkA inhibitor (TrkA cell IC50 9.9
nM) but appeared to be chemically unstable at low pH ≤ 2,
which made clinical development more complicated (Table 3).
The oxetane instability was postulated to involve ring opening
of the protonated oxetane. The primary alcohols 18 −19
appeared promising as they met the desired potency, apparent
permeability, and P-gp and BCRP efflux substrate profile,
although the metabolic stability in hHep was still moderate
(hHep CLint ≈ 10 μL/min/million cells). Several known
metabolic pathways for primary alcohols such as 18 −19 involve
oxidation or conjugation of the alcohol moiety. In order to
reduce metabolism involving the primary alcohol, tertiary
alcohols 23 −25 were prepared. Alcohols 23 −24 exhibited

higher metabolic stability in hHep (hHep CLint = 3−5 μL/min/
million cells) than 18 −19 (hHep CLint ≈ 10 μL/min/million
cells) despite being more lipophilic than 18 −19 (δLogD + 0.5).
This suggested that a major metabolism pathway for 18 −19
involved the primary alcohol group, and this pathway can be
successfully attenuated by introduction of the gem-dimethyl
group.59 Ligands 23 and 24 met the desired criteria for potency
(TrkA cell IC50 = 10 and 4.7 nM), permeability (RRCK Papp =
16 and 12 × 10−6 cm s−1), P-gp (ER = 28 and 23) and BCRP
(ER = 103 and 69) efflux, and metabolic stability (hHep CLint =
4.7 and 3.7 μL/min/106 cells), respectively. Assuming CL is
predicted accurately from metabolism in hHep, systemic CL of
23 and 24 in human is predicted to be 0.59 and 0.74 mL/min/
kg, respectively, resulting in predicted human PK half-lives of
approximately 30 h in both cases. Moreover, oral/i.v. PK
studies in rats indicated that both compounds possess sufficient
permeability in the intestine to achieve adequate absorption via
the oral route, in spite of the presence of active efflux, as oral
bioavailability was 72 and 46% for 23 and 24 , respectively
(Table 1). Moreover, both compounds displayed marked
peripheral restriction that was likely to be the result of efflux via
P-gp and/or BCRP at the BBB because of the much lower
unbound systemic exposure of the compounds than prevails in
the gut lumen following oral administration (Table 1).
Compound 23 was progressed in preference to 24 due to its
slightly higher oral bioavailability in rat and a more favorable
CYP induction profile in vitro (data not shown).60

Figure 9 shows a 1.94 Å cocrystal structure of 23 with TrkA
protein. The pyridyl N forms a hydrogen bond with NH
Asp668 as seen with lead molecule 3 (Figure 8). The 2,4-
dichloro aryl unit occupies the lipophilic pocket identified in
Figure 8 using the 4-Cl group, with the dihedral angle between
the pyridyl-aryl groups being 45.8°. The terminal amide CO
interacts with the side chain of Arg673 along with some of the
structural waters (two waters shown in Figure 9) and forms
part of the water network. The tertiary alcohol also interacts
with water as it approaches regions that are more solvent
exposed.
Compound 23 was 180-fold selective over TrkB and 70-fold

selective over TrkC in cell based assays (TrkB cell IC50 1.8 μM,

Figure 9. (A) Cocrystal structure of candidate molecule 23 bound to TrkA protein highlighting key protein−ligand interactions with white dashed
lines with distances given in Å. (B) Cocrystal structure of candidate molecule 23 bound to TrkA protein highlighting interactions with Arg673 and
waters with white dashed lines. Parts of TrkA protein omitted for clarity.
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