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protein 2-associated kinase 1 for the treatment of pain

Carolyn D. Dzierba®' - Bireshwar Dasgupta® - George Karageorge? - Walter Kostich® - Brian Hamman* -

Jason Allen* - Kim M. Esposito® - Ramesh Padmanabha® - James Grace’ - Kimberley Lentz’ - John Morrison’ -
Daniel Morgan’ - Amy Easton® - Clotilde Bourin® - Marc R. Browning’ - Ramkumar Rajamani® - Andrew Good? -
Dawn D. Parker’ - Jodi K. Muckelbauer® - Javed Khan® - Daniel Camac® - Kaushik Ghosh'® - Vivek Halan® -
Jonathan S. Lippy® - Kenneth S. Santone’ - R. Rex Denton'' - Ryan Westphal® - Linda J. Bristow® -

Charles M. Conway? - Joanne J. Bronson' - John E. Macor?

Received: 26 March 2023 / Accepted: 12 May 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Adaptor protein 2-associated kinase 1 (AAK1) is a member of the Ark1/Prk1 family of serine/threonine kinases and plays a
role in modulating receptor endocytosis. AAK1 was identified as a potential therapeutic target for the treatment of neuropathic
pain when it was shown that AAKI1 knock out (KO) mice had a normal response to the acute pain phase of the mouse
formalin model, but a reduced response to the persistent pain phase. Herein we report our early work investigating a series of
pyrrolo[2,1-f][1,2,4]triazines as part of our efforts to recapitulate this KO phenotype with a potent, small molecule inhibitor of
AAKI. The synthesis, structure—activity relationships (SAR), and in vivo evaluation of these AAKI inhibitors is described.
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Introduction

Adaptor associated kinase 1 (AAK1) is a member of the
Ark1/Prkl family of serine/threonine kinases involved in
modulating clathrin coated endocytosis by binding clathrin
and regulating the function of the adaptor protein 2 (AP2)
complex [1, 2]. AAKI is also able to bind and phosphorylate
the endocytic protein Numb [3], and has been shown to be a
positive regulator of Notch signaling, in part through phos-
phorylation of Numb [4]. AAK]1 has been implicated in a
broad range of diseases including a number of central ner-
vous system (CNS) indications such as: schizophrenia [5],
Parkinson’s disease [6], amyotrophic lateral sclerosis [7],
and Alzheimer’s disease [8]. Inhibitors of AAK1 also have
antiviral activity by blocking receptor-mediated endocytosis,
which is a mechanism for virus entry into cells. AAK1 has
been postulated as a target for the treatment of hepatitis C
[9, 10], dengue and Ebola viruses [11], rabies virus [12], and
more recently for SARS-CoV-2 [13-18].

Our interest in AAK1 as a therapeutic target arose from
the finding that AAK1 knock-out (KO) mice show reduced
pain response in the persistent pain phase of the mouse
formalin model, while still having a normal response in the
acute pain phase [19]. We recently published our work
exploring aryl amide-based AAKI inhibitors [20], as well
as quinazoline- and quinoline-based inhibitors [21]. Addi-
tional recent publications describe our structure—activity
relationship (SAR) and in vitro/in vivo optimization studies
that ultimately led to the discovery of a clinical compound,
LX9211 [22, 23]. Herein we describe our early work on the
identification of pyrrolo[2,1-f][1,2,4]triazine-based inhibi-
tors of AAKI1 that could recapitulate the KO phenotype and
helped establish properties needed in an AAKI1 inhibitor.

Results and discussion

In the initial stages of our AAKI program our objective was
to identify small molecule, selective AAKI1 inhibitors with
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properties suitable for evaluation to determine if the KO
pain phenotype could be recapitulated in vivo. At the time
of this work, the only reported AAKI inhibitor in the lit-
erature was (N-[5-(4-cyanophenyl)-1H-pyrrolo[2,3-b]pyr-
idin-3-yl]pyridine-3-carboxamide) (1), a dual inhibitor of
AAKI1 and liver kinase B1 (LKB1) [24]. To find novel
leads, we conducted a screen of our in-house compound
collection of kinase inhibitors and identified several active
compounds, including pyrrolo[2,1-f][1,2,4]triazine 2, Fig. 1.

An x-ray crystal structure of 2 bound to AAKI was
obtained (PDB ID 8GMC) (Fig. 2) to aid in the SAR
development of this series. The molecule binds in the ATP
pocket of the enzyme as shown with the following interac-
tions: (a) The pyrrolotriazine has the typical donor-acceptor-
donor (D-A-D) hydrogen-bonding interactions with the
Asp127 (carbonyl) and Cys129 (carbonyl and N-H) in the
hinge region; (b) the isopropyl group extends into a pocket
comprised of the p-loop and engages in hydrophobic inter-
actions with the lipophilic residues lining the pocket; (c) the
amino-piperidine moiety binds in the sugar pocket. In addi-
tion, the piperidine nitrogen forms an intramolecular hydro-
gen bonding interaction with the anilinic N-H (d), which
holds the molecule in a conformation that allows for efficient
binding in the ATP pocket. Additional features of note in Fig.
2 include: engagement of a nitrogen of the thiadiazole in a
hydrogen bonding interaction with Lys74 (e) and the presence
of a water molecule bound to Glu90 (f), which could poten-
tially be reached by substitution off of the phenyl ring.

The synthesis of the biaryl side chain of 2 is shown in
Scheme 1. Commercially available 3-nitrobenzoyl chloride
(3) was treated with isobutyrohydrazide to form inter-
mediate 4. The resultant hydrazide was cyclized in the
presence of Lawesson’s reagent to form thiadiazole 5.
Reduction of the nitro group with Zn and ammonium
chloride provided aniline 6. N-((4-chloropyrrolo[2,1-f]
[1,2,4]triazin-5-yl)methyl)-N,N-diethylethanaminium  bro-
mide (7) [25] was treated with 6 to displace the chloride,
and then with 4-(N-Boc-amino)-piperidine to displace the
triethylammonium group to provide 8. The Boc group was



Medicinal Chemistry Research

removed with trifluoroacetic acid to afford 2. The modular
nature of the synthesis allowed for rapid SAR development
of the series.

With a promising lead in 2 and a crystal structure for
guidance, we set out to optimize the potency of this series.
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Fig. 1 Structure of LKB1/AAKI dual inhibitor (1) and pyrrolo[2,1-f]
[1,2,4]triazine 2

Fig. 2 X-ray co-crystal structure of 2 bound to AAK1 (PDB ID
8GMC). a Donor-acceptor-donor (D-A-D) interaction with hinge
region residues; b hydrophobic interactions with p-loop; ¢ binding of
amino piperidine in sugar pocket; d H-bond between the piperidine
nitrogen and the anilinic N-H; e H-bonding between thiadiazole
nitrogen and Lys74; and f water molecule bound to Glu90. Water
molecules are shown as red spheres
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Scheme 1 Reagents and conditions: a isobutyrohydrazide, DIEA,
DCM, 23°C, 30 min, 94% yield; b Lawesson’s Reagent, toluene,
100 °C, 12h, 96% yield; ¢ zinc powder (100 mesh), NH,Cl, EtOH,

The thiazole-phenyl side chain was varied by modifying the
heteroaryl ring and substituents on this ring (R) as shown in
Table 1. The isopropyl group of 2 was modified to deter-
mine the effect of branching and chain length. Conversion
of the isopropyl to an n-propyl had no effect on potency (9),
whereas cyclization to the cyclopropyl led to a 2-fold
decrease in potency (10). Shortening the chain from n-
propyl (9) to methyl (11) led to a 4-fold decrease in
potency. Switching the heteroaryl group to a 1,2,4-oxadia-
zole (12) led to a modest improvement in potency relative to
the 1,3,4-thiadiazole analog (2). Increasing the number of
carbons on R to #-butyl (13), neopentyl (14), or 2-methyl-2-
propanol (15) had negligible effect on potency. Cyclization
to either a cyclopentyl (16) or cyclohexyl (17) group was
also well tolerated. Replacement of the heteroaryl group
with a tetrazole as in 18 gave a 7-fold boost in potency
relative to the 1,3,4-thiadiazole, 2. As seen in the crystal
structure in Fig. 2, the heteroaryl side chain picks up a
hydrogen-bonding interaction with Lys74. The increased
electron density of the tetrazole relative to the thiadiazole
should strengthen this hydrogen bond, which may account
for the improved potency. Finally, the installation of an
unsubstituted oxazole (19), led to a significant decrease in
potency. In general, heterocycles with a side chain of three
or more carbons were well tolerated in this region of the
molecule.

The amino piperidine in 18 was also varied as shown in
Table 2. Connecting the piperidine through an amide
linkage (20) led to a 200-fold decrease in potency relative
to the carbon-linked analog (18). This finding is consistent
with the crystal structure of 2, Fig. 2. The nitrogen of the
amide linked piperidine is no longer able to form an
intramolecular hydrogen bond to the anilinic N-H, and as a
result the piperidine of 20 is likely twisted away from the
biaryl moiety leading to poor binding to the enzyme. The
terminal 4-amino group (21) could be substituted with a
methyl group while maintaining binding. Both piperazine
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0°C - reflux, 6 h, 93% yield; d 6, MeCN, 75 °C, 30 min, then 4-(N-
Boc amino)-piperidine, DIEA, 75°C, 30 min, 33% yield; e TFA,
CICH,CH,Cl, room temperature, 3 h, 81% yield
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Table 1 SAR studies: effect of varying the heterocyclic side chain

Table 2 SAR studies: effect of varying the amino side chain

HZNC /©\ R @\(N
N— HN o R HN “UN
%/EN 0 S {
N N
Compound Aryl-R ICs0* nM (=SD) Compound R ICsy" nM (=SD)
2 AS 57 (29 18 HoN 21 (£3.1)
\r\}(N»ﬂ< @ ’ \CN>
9 AS 54 (£38) 20 4200 (280
T ey, (<250
10 A%< 100 (=71) 21 H 12 (29.8)
N-N g C"‘ﬁ
11 As 210 (+26) ~
N—N/ 22 HN/\\N 90 (x49)
12 AN, 21 (11) —
\
N-o 23 o/\\N 99 (£31)
13 AN L 10 (+7.1) —
N-g 24 HaN— 220 (£93)
14 /\WN\ 22 (x£13) 25 Me_ 23 (x1.4)
N-o 26 H 220 (110)
15 AN, 15 (£7.2)
N-g OH 2AAK1 ICsq values are means of two or more experiments, standard
16 /\\\/N\ 16 (£3.6) deviation is given in parentheses
N-o
17 /\(N%O 11 (26.2) a 5-fold decrease in potency, the meta-fluoro analog 28 was
Mo equipotent, while the ortho-fluoro analog 29 showed a 100-
18 /\:':‘N{ 79 (#5.8) fold decrease in potency. Switching to an OH in the pre-
19 w0 770 (£100) ferred meta-position 30 led to a 2-fold improvement in
{,f - otency relative to 18. Incorporation of a larger group at the
p y p ger group

2AAKI1 ICsy values are means of two or more experiments, standard
deviation is given in parentheses

(22) and morpholine (23) were tolerated as piperidine
replacements with only a 4-5-fold decrease in potency.
Switching from the 4-amino piperidine (18) to the shorter
primary amine (24) led to a 10-fold decrease in potency.
Surprisingly, the potency could be regained by removal of
the NH; to afford the simple methyl analog (25). Further
removal of the methyl to give the unsubstituted analog 26
again led to a 10-fold decrease in potency. Within this
series, both 18 and 25 show comparable potency, however,
the 4-aminopiperidine analog 18 had significantly greater
aqueous solubility (>7.96 mg/mL solubility at pH 6.5 vs.
<0.001 mg/mL for 25).

In the crystal structure of 2 bound to AAKI1 a water
molecule bound to GIu90 was observed (Fig. 2). We
hypothesized that an ortho- or para-substituent on the
phenyl group could either displace the water and engage in
an additional hydrogen bonding interaction with Glu90, or
engage in a water-bridged hydrogen bond to the residue
leading to a boost in potency. This was explored with
analogs shown in Table 3. Relative to the unsubstituted
phenyl analog 18, the para-fluorophenyl analog 27 showed
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meta-position, such as CHF, (31) or OiPr (32) led to a 25-
fold and 100-fold decrease in potency, respectively. A
crystal structure of 30 bound to AAK1 (PDB ID 8GMD),
Fig. 3, shows that the phenolic OH picks up a water-bridged
hydrogen bond to Glu90 in the back pocket of the kinase,
which helps explain the superior potency of 30 relative to
31 and 32.

Compound 30 was selected for in vivo proof of concept
studies based on its potency. Compound 19 was included to
allow for comparison with a structurally similar, but much
less potent inhibitor. AAK1 KO mice were previously
shown to have a reduced persistent pain response in the
formalin model of acute and persistent pain [19] as mea-
sured by a reduction in flinching. To determine if we could
recapitulate this phenotype with a small molecule AAK1
inhibitor, we administered 30 and the less potent analog 19
in the formalin pain model [26] (Fig. 4). The compounds
were dosed either subcutaneously (s.c.) or intraperitoneally
(i.p.) to maximize the exposure. Compound 30 was dosed at
10, 30, and 60 mg/kg, s.c. Gabapentin was included as a
positive control, dosed at 200 mg/kg, i.p. The number of
flinches was measured over the course of 65min and
plasma and brain exposures were obtained from these ani-
mals at the end of the study (~90 min post-dose). Efficacy
was seen with both gabapentin (200 mg/kg) and compound
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Table 3 SAR studies: effect of varying phenyl substitution

Compound 0 m p IC50,* nM (£SD)
18 H H H 7.9 (£5.8)

27 H H F 21 (#3.1)

28 H F H 9.3 (£3.1)

29 F H H 830 (£70)

30 H OH H 3.8 (x1.1)

31 H CHF, H 97 (x13)

32 H OiPr H 400 (x130)

4AAK1 ICsj values are means of two or more experiments, standard deviation is given in parentheses

Fig. 3 X-ray co-crystal structure of 30 PDB ID 8GMD). The phenol
OH picks up a water-bridging hydrogen bond to GIlu90. Water
molecules are shown as red spheres

30 at the 60 mg/kg dose. The plasma exposure for com-
pound 19 was 11.9uM (estimated free plasma exposure
based on plasma protein binding of 99.5% = 60 nM)
(Table 4). AAKI is expressed both in the CNS and in the
periphery [1] and it was unknown at the time of this early
work if CNS penetration was necessary to see efficacy in
pain models. While compound 30 showed efficacy in the
formalin model of persistent pain, despite its negligible
CNS penetration (B/P ~ 0.02), it should be noted that it was
later shown that penetration into the CNS was necessary to
see robust efficacy with AAKI1 inhibitors in models of
neuropathic pain (for example, spinal nerve ligation (SNL)
model) [19]. Compound 19 did not show efficacy in the
formalin model when dosed up to 30 mg/kg, i.p. (Fig. 4b)
even though a similar level of plasma exposure was
achieved relative to compound 30 at the 60 mg/kg dose. The

total plasma exposure for 19 at a dose of 30 mg/kg was
8.4 uM, 90-min post dose (118 nM free plasma exposure
based on 98.6% plasma protein binding) (Table 4). Com-
pound 19 also showed improved, albeit modest, total brain
exposure (1.8 uM) relative to compound 30. Based on the
structural similarity as well as the similar kinase selectivity
(see Supplementary Information) of the two analogs, the
results seen in the formalin model can likely be attributed to
the difference in AAK1 potency. Compound 30 was also
examined in a mouse rotarod assay [27, 28] to rule out
confounding side effects that could masquerade as efficacy.
Compound 30 showed no side effects up to the top doses of
60 mg/kg (Supplementary Information). This data is con-
sistent with the anti-nociceptive effect of 30 being driven by
AAKI1 inhibition. It is noteworthy that at a dose of 200 mg/
kg, gabapentin shows behavioral side effects (i.e., sedation)
in this model.

The broad kinase selectivity of compounds 19 and 30
was assessed in a panel consisting of 351 kinases (Ambit/
DiscoverX/Eurofins) [29]. Compounds 2 and 18, which also
showed efficacy in the mouse formalin model (data not
shown) were also tested in the kinase panel. The four
analogs all displayed modest selectivity, inhibiting 6—11%
of the kinases tested (complete panel shown in Supple-
mental Information). Of these hits, seven kinases other than
AAK1 (BIKE, GPRK4, MSSKI1, PIP5K2B, PKCD,
RIOKI1, and RIOK3) were inhibited by the three analogs
that showed efficacy in the pain model (compounds 2, 18,
and 30), but not for the inactive compound 19. BIKE, also
known as BMP2K, is the most closely related kinase to
AAKI1 in this family with 74% sequence identity to AAKI
within their respective kinase domains [2]. While there is no
reported connection of these seven off-target kinase hits
with pain, contribution to efficacy from inhibition these
other kinases cannot definitively be ruled out. It is note-
worthy, however, that potent AAKI inhibitors from a
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200+
1601
3
2 1207
o
£
i 801
40+
0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time (min)
-® vehicle (n=10)
- gabapentin 200 mg/kg (n=7)
<+ Compound 3010 mg/kg (n=10)
& Compound 30 30 mg/kg (n=10)
4 Compound 30 60 mg/kg (n=11)

Two-way Repeated Measures Anova followed by
Bonferroni's post-hoc in comparison to vehicle
(a) group. *p<0.05,**p<0.01,"**p<0.001.

Time course

2401

Flinches
- - N
<] N [<2] [=]
S 2 2 2

Ey
o
1

o

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time (min)

vehicle (n=10)

gabapentin 200 mg/kg (n=10)

Compound 19 3 mg/kg (n=10)

Compound 19 10 mg/kg (n=10)
Compound 19 30 mg/kg (n=10)

mo4te

Two-way Repeated Measures Anova followed by
Bonferroni's post-hoc in comparison to vehicle
(b) group. *p<0.05,"*p<0.001.

Fig. 4 a Dose response of 30 in the mouse formalin model; b Dose response of 19 in the mouse formalin model

Table 4 Plasma and brain exposures of Compounds 19 and 30 from
mouse formalin model taken 90 min post-dose

Compound 19 and 30 - Mouse Formalin Exposure Data (90 min
post-dose)

Compound Dose Total Free Total Brain  B/P
(mg/kg), Plasma Plasma (M)
route (uM) (nM)

19 30, i.p. 84x1.5 118 1.84+1.84 022

30 10, s.c. 25+2.1 13 0.04+0.03  0.03
30, s.c. 54=+1.1 27 0.06+0.02 0.01
60, s.c. 11.9x1.2 60 0.15+0.03 0.01

structurally diverse set of chemotypes, with differentiated
kinase selectivity, have shown activity in the mouse for-
malin model [19-33] suggesting that the efficacy of analogs
2, 18, and 30 is largely due to inhibiting AAKI.

Conclusions

A series of pyrrolo[2,1-f][1,2,4]triazine analogs was pre-
pared to assess their potential as inhibitors of AAKI.
Starting from an analog with an ICs, value of ~60nM,
identified through screening of our in house kinase com-
pound collection, we were able to improve potency >10x to
find analogs with ICsy values in the single digit nM range.
Enhanced potency could be achieved by picking up an
additional water-bridging H-bonding interaction with the
Glu90 residue in the back pocket of the kinase. Compound
30, a potent AAKI inhibitor, showed efficacy in the

@ Springer

formalin model of acute and persistent pain, while the
structurally similar compound 19 with poor AAK1 potency
did not show efficacy in this model. These data, along with
the AAK KO mouse data, helped demonstrate that small
molecule inhibitors of AAK1 could be useful for the treat-
ment of pain. This concept is currently being tested in the
clinic with a more advanced brain-penetrant compound [23].
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