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ABSTRACT: Inhibitors based on a 3-acylaminoindazole scaffold were synthesized to yield potent dual AAK1/BMP2K inhibitors. 
Optimization of this 3-acylaminoindazole scaffold furnished a small molecule chemical probe (SGC-AAK1-1, 25) that is potent and 
selective for AAK1/BMP2K over other NAK family members, demonstrates narrow activity in a kinome-wide screen, and is func-
tionally active in cells. This inhibitor represents one of the best available small molecule tools to study the functions of AAK1 and 
BMP2K.

The human protein Ser/Thr kinases Adaptor protein 2-Associ-
ated Kinase 1 (AAK1) and BMP-2-Inducible Kinase 
(BMP2K/BIKE) play critical roles in mediating endocytosis 
and other key signaling pathways. Both are broadly expressed 
and are members of the NAK family of human kinases, which 
also includes Cyclin G-Associated Kinase (GAK) and 
Myristoylated and Palmitoylated Serine/Threonine Kinase 1 
(MPSK1/STK16). The family shares little homology outside of 
their kinase domains.1 AAK1 and BMP2K are the most closely 
related, with overall sequence identity of 50% and kinase do-
main sequence identity of 74%.2 A key function of AAK1 is 
regulation of receptor-mediated endocytosis via binding di-
rectly to clathrin and phosphorylating the medium subunit of 
AP2 (adaptor protein 2), which stimulates binding to cargo pro-
teins.3-5 AAK1 also modulates the Notch pathway, partially 
through its phosphorylation of Numb.6, 7 BMP2K plays a role in 

osteoblast differentiation, is a clathrin-coated vesicle-associated 
protein, and, like AAK1, also associates with Numb.8, 9  

Due to their many functions, AAK1 and BMP2K have been 
implicated as potential drug targets for diverse conditions. 
AAK1 has been linked to diseases affecting the brain such as 
schizophrenia, Parkinson’s disease and amyotrophic lateral 
sclerosis as well as implicated as a potential anti-viral target for 
the treatment of Hepatitis C.5, 10, 11 BMP2K has been associated 
with myopia and evaluated as a potential treatment for HIV.12, 

13 A dual AAK1/BMP2K small molecule inhibitor was recently 
reported as a novel therapeutic to treat neuropathic pain.14 

X-ray crystal structures for the kinase domains of all NAK 
family members have been solved and reported.2, 15, 16 Published 
and novel high-resolution crystal structures of AAK1 and 
BMP2K reveal target-specific structural features that have ena-
bled our design of specific chemical probes and allowed further 



 

interrogation of the roles that these kinases play.2 Through 
screening a library of kinase inhibitors (Published Kinase Inhib-
itor Set, PKIS) via differential scanning fluorimetry (DSF), a 
chemical starting point showing strong AAK1 binding was 
identified (Figure 1).17 Structure–activity relationships (SAR) 
were initially established by examining the 3-acylami-
noindazole analogs profiled within PKIS. Next, more than 200 
analogs were prepared via the route shown in Scheme 1. 
Briefly, acylation of the indazole aniline with cyclopropanecar-
bonyl chloride furnished the key intermediate, which was then 
subjected to Suzuki coupling with a boronic acid. Finally, free 
anilines on intermediates were reacted with sulfonyl chlorides 
to yield the desired sulfonamide products. A summary of key 
analogs prepared to arrive at 14 is included in Table 1. The com-
pounds were profiled using the AAK1 split luciferase assay de-
veloped by Luceome.18, 19 1–14 also showed similar affinity for 
BMP2K (data not shown).  

 
Figure 1. Structures of PKIS hit (1) and key analog 14 with 
parts of the molecule modified during SAR exploration boxed. 

The effects of aryl substitution on the distal aryl ring were 
explored, including 3- and 4-position substituents of variable 
size, electronics, and hydrogen-bonding capacity. Sulfona-
mides, amines, amides, anilines, phenols, acids, and other 
groups were incorporated in these positions (Table 1). A sulfon-
amide was found to be optimal in terms of AAK1 inhibition but 
only when appended at the 3-position of the aryl ring (1 versus 
2). Sulfonamides with small saturated rings of 5 atoms or fewer 
and short alkyl chains or alkyl amines were the most potent (1, 
11, 13, 14). This part of the binding pocket was not tolerant to 
incorporation of large groups. In addition, 3,5-disubstitution or 
3,6-disubstition was disfavored, supporting a small pocket for 
binding of this aryl ring that is sensitive to even minor changes, 
such as incorporation of a fluorine in place of a hydrogen (data 
not shown). Finally, the activity of 1 and 8 suggests the presence 
of a hydrogen-bonding network within the ATP-binding pocket 
that can be accessed by 3-position groups capable of donating a 
hydrogen. Interestingly, methylation of the aryl 3-nitrogen (11) 
or insertion of a methylene spacer between the sulfonamide and 
aryl ring (12) did not decrease potency for AAK1 but rather in-
creased it. These results motivated the design of a range of sul-
fonamides to further explore the SAR of this part of the mole-
cule. 
Scheme 1. Route to prepare compounds in Table 1.a 

 
aReagents and conditions: (a) Cyclopropanecarbonyl chloride, pyr-
idine, 0°C (68-83%) (b) R-boronic acid pinacol ester, Pd(dppf)Cl2, 
Na2CO3, dioxane, 120°C (82-100%) (c) R’-sulfonyl chloride, pyri-
dine, 0°C (7-100%). 

The portion of the ATP-binding pocket accessed by the 3-
position of the indazole was explored through substitution with 
a variety of groups (Table 2). Compounds in Table 2 were pre-
pared using the route shown in Scheme 1, but the order of the 
steps was reversed. Thus, a Suzuki reaction was first carried out, 
and then the indazole aniline was reacted with the correspond-
ing acylating or sulfonylating groups to generate the analogs in 
Table 2. The indazole 3-position substituent appears to form a 
polar interaction with the kinase hinge region and is sensitive to 
structural modifications. The alkyl group was varied from cy-
clopropyl to methyl, isopropyl, cyclobutyl, phenyl, and cyclo-
propylmethyl to explore the steric bulk tolerated by the pocket. 
Alternatively, a urea or sulfonamide was incorporated in place 
of the acylated amine (20, 21, 22) but resulted in loss of AAK1 
affinity. The cyclopropanecarboxamide was found to be opti-
mal (14). Minor changes, such as ring opening of the cyclopro-
pane (16) or expansion to a cyclobutane (17) were found to re-
sult in modest loss of AAK1 affinity. 
Table 1. SAR of 3-acylaminoindazole aryl ring. 

 
Cmpd R AAK1 IC50 (nM)1 

1 3-NHSO2Me 220 
2 4-NHSO2Me 1200 
3 3-CONH2 3800 
4 4-CONH2 910 
5 3-NHAc 1100 
6 3-CO2H 18000 
7 4-CO2H 2800 
8 3-OH 350 
9 4-OH 280 
10 3-NH2 800 
11 3-N(CH3)SO2Me 120 
12 3-CH2NHSO2Me 71 
13 3-NHSO2(isopropyl) 54 
14 3-NHSO2(cyclopropyl) 31 

1Each test compound was screened in AAK1 split luciferase as-
say in duplicate (n=2) against AAK1 in dose-response (8-pt 
curve). 

Based on the initial SAR, two additional 3-acylami-
noindazoles (23 and 24) were prepared (Table 3) incorporating 
the aryl 3-cyclopropanecarboxamide that was found to yield po-
tent inhibitors of AAK1. The analogs were designed to probe 
whether an alkyl amine or longer chain hydrocarbon could be 
tolerated at the indazole 3-position. Like lead compound 14, 
these analogs demonstrated promising inhibition of AAK1 and 
BMP2K in the split luciferase assay (93%I and 94%I of AAK1 
at 1 μM for 23 and 24, respectively). TR-FRET binding-dis-
placement assays were employed to further interrogate the bio-
chemical selectivity of these promising 3-aminoacylindazoles 
across the four NAK family members (Table 3).21 23 and 24 
were found to be dual AAK1/BMP2K inhibitors with more than 
5-fold selectivity over STK16 and more than 50-fold selectivity 
over GAK. 

To understand the selectivity of 23 and 24 across the NAK 
family kinases, co-crystal structures were solved with the 
BMP2K kinase domain (KD, Figure 2, Table S1). The BMP2K 
co-crystal structures were solved to ~2.4 Å resolution and 
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showed that the core indazole formed the critical interaction 
with the hinge region of the kinase domain. 

Table 2. SAR of 3-acylaminoindazole carboxamide. 

 
Cmpd R AAK1 IC50 (nM)1 

14 
 

31 

15 
 

3500 

16 
 

18000 

17 
 

370 

18 
 

560 

19 
 

2200 

20 
 

>50000 

21 
 

>50000 

22 
 

7700 

1Each test compound was screened in duplicate (n=2) in AAK1 
split luciferase assay in dose-response (8-pt curve). 

Given the high structural and sequence conservation be-
tween the ATP-binding sites of the BMP2K and AAK1 kinase 
domains (Figure 2), it is likely that both kinases bind to the in-
dazole inhibitors using common interactions. The pendant aryl 
ring is accommodated by the hydrophobic region adjacent to the 
gatekeeper residue (residue Met130/126, BMP2K/AAK1 

numbering) within the kinase ATP-binding site. These co-crys-
tal structures suggest that large groups attached to the 4-position 
of the aryl ring (such as in 2 and 4) are likely not tolerated due 
to steric hinderance. Smaller groups at the 3- and 4-positions 
that can act as H-bond donors (such as in 8 and 9) can make 
favorable interactions with the DFG motif aspartate residue 
(Asp198/194, BMP2K/AAK1 numbering), whereas small 
acidic groups at these positions (such as in 6 and 7) are not fa-
vored due to charge repulsion. The structures also reveal that a 
sulfonamide at the 3-position can form H-bonds with multiple 
polar residues within or adjacent to the protein ATP-binding 
pocket (Gln137/133, Asn185/181 and Asp198/194, 
BMP2K/AAK1 numbering). Groups attached to this sulfona-
mide are accommodated by a small cavity within the protein P-
loop. When considering substituents attached to the indazole 
ring, poor binding is observed for compounds bearing sulfona-
mide groups in place of an amide (21 and 22). This finding is 
due to steric clash and electronic effects caused by the proxim-
ity of the sulfonamide oxygen atoms to nearby protein side 
chains. The co-crystal structures also reveal that groups at-
tached to the 3-position amide are solvent exposed, an observa-
tion that helps rationalize the moderate tolerance of AAK1 for 
larger and bulkier substituents at this position (15, 17 and 19). 

Guided by the co-crystal structures, analogs were designed 
with a focus on modifications to the sulfonamide portion of the 
molecule. Sulfonamides with pendant alkyl chains, alkyl 
amines, fluorinated alkyl chains, small hydrocarbon-based 
rings, and fluorinated aryl rings were synthesized (Table 4). 
Compounds built on Scaffold B were prepared using the chem-
istry in Scheme 1. Those built on Scaffold A were prepared us-
ing a slightly modified route. Briefly, reaction of the 3-amino-
phenylboronic acid pinacol ester with respective sulfonyl chlo-
rides to furnish the sulfonamide-bearing boronic acid pinacol 
esters was found to be high yielding. This intermediate was cou-
pled to the acylated indazole (I), prepared in Scheme 1, using 
Suzuki conditions. The analogs (25–39) were evaluated for po-
tency and selectivity across the NAK family TR-FRET binding 
assays. Furthermore, cellular target engagement of AAK1, 
BMP2K, GAK and STK16 were determined by NanoBRET 
(NB) assays, where the respective kinases were fused to 19-kDa 
luciferase (NLuc) and transiently expressed in HEK293 cells, 
and then incubated with a cell-permeable fluorescent energy 
transfer probe (tracer).20 Using increasing concentrations of test 
compounds dose-dependent displacement of tracer was ob-
served, allowing calculation of the IC50 values in Table 4. These 
NB assays enabled measurement of potency and selectivity of 
the compounds across the NAK family in living cells (Figure 
S1). 

Table 3. NAK family TR-FRET data. 

 
 
 

 

 

1Each test compound was screened in duplicate (n=2) in dose-response (16-pt curve). IC50 values were converted to Ki values using 
the Cheng Prusoff equation and the concentration and KD values for the tracer. 
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Figure 2. Co-crystal structures of 23 (A) and 24 (B) bound to the 
BMP2K-KD. Main-chain atoms for residues (131-137) within the 
BMP2K-KD hinge region are represented as sticks. The side-chain 
atoms for BMP2K-KD gatekeeper reside (Met130) and those tak-
ing part in polar interactions with the ligands are shown as sticks. 
Black dashed lines depict possible hydrogen bonds between protein 
and ligand atoms. Red spheres denote the position of crystallo-
graphic water molecules. The bottom portion of each panel shows 
the chemical structure and 2Fo-Fc electron density maps (con-
toured at 1.0s) for each ligand. Active site sequence alignment for 

NAK family included below with non-identical AAK1/BMP2K 
residues bolded and underlined. Residue numbers shown on the top 
row are for BMP2K. 

Analysis of the data from both the biochemical and cellular 
assays revealed some notable trends and highlighted promising 
compounds as potential chemical probes. All of the analogs 
(25–39) were found to be dual AAK1/BMP2K inhibitors. Inser-
tion of the methylene spacer between the aryl ring and sulfona-
mide (scaffold B) reduced potency for AAK1/BMP2K. Within 
the scaffold B group of molecules, incorporation of an alkyl 
chain capped with fluorines (33, 34, 35) increased the in vitro 
biochemical affinity for GAK, but not sufficiently to demon-
strate GAK activity in cells (Table S2). In previous work, we 
had also observed that only low nanomolar inhibitors of GAK 
possessed cellular activity.21 Almost all of the analogs were also 
devoid of activity in the STK16 NB assays. Several single-digit 
nanomolar biochemical inhibitors of AAK1 were prepared 
based upon scaffold A that also demonstrated target engage-
ment with IC50 values between 190–1020 nM. Incorporation of 
fluorinated aryl rings was tolerated by AAK1 and BMP2K but 
not by GAK or STK16 (29, 30, 31). 
Scheme 2. Route to prepare compounds in Tables 3 and 4.a 

 
aReagents and conditions: (a) R-sulfonylchloride, pyridine, 0°C 
(49-65%) (b) I, Pd(dppf)Cl2, Na2CO3, dioxane, 120°C (36-66%). 

 
Table 4. SAR of 3-acylaminoindazole probe candidates.  

 

1Each analog was screened in the TR-FRET in duplicate (n=2) and dose-response (16-pt curve). IC50 values were converted to Ki 
values using the Cheng Prusoff equation and the concentration and KD values for the tracer. 2AAK1 and BMP2K NB assays were 
performed in triplicate (n=3) to provide IC50 values (11-pt curve). 3STK16 and GAK NB assays performed in singlicate (n=1) based 
on demonstration of poor activity. 4S10(1 μM) is a measure of selectivity equal to the percentage of the screenable human kinome 
biochemically inhibited by >90% at 1 μM. 
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Cmpd Scaffold R 
AAK1 (nM) BMP2K (nM) GAK (nM) STK16 (nM) 

S10(1 μM) 
Ki1 IC502 Ki1 IC502 Ki1 IC503 Ki1 IC503 

14 A cyclopropyl 8.3 641 13 1420 1600 >10000 330 >10000 0.005 
25 A N(CH2CH3)2 9.1 770 17 2800 1700 >10000 270 >10000 0.02 
26 A N(CH2CH3)(CH3) 8.2 375 20 1890 1700 >10000 310 >10000 0.017 
27 A CH2CH(CH3)2 6.2 490 17 1490 1300 >10000 78 >10000 0.002 
28 A CH2CH2CH3 12 655 30 2180 1100 9250 110 >10000 0.01 
29 A 4-F-benzyl 59 1020 120 2950 7000 9240 430 >10000 0.007 
30 A 2-F-benzyl 22 528 51 1620 4600 >10000 470 >10000 0.022 
31 A 3-F-benzyl 24 379 53 1190 4600 >10000 510 >10000 0.017 
32 A cyclobutyl 8.5 192 17 707 2900 >10000 240 >10000 0.007 
33 B CH2CH2CF3 32 2710 27 1890 510 >10000 180 >10000 0.022 
34 B N(CH2CF3)(CH3) 44 3400 42 3030 780 >10000 290 >10000 NT 
35 B CH2CF3 39 2350 33 1620 580 >10000 180 >10000 0.005 
36 B CH2CH(CH3)2 30 1530 59 6550 3900 >10000 450 >10000 0.002 
37 B N(CH2CH3)2 33 1470 74 3830 3200 >10000 220 >10000 NT 
38 B CH2(cyclopropyl) 22 1260 37 2740 3200 >10000 150 >10000 0.01 
39 B N(CH2CH3)(CH3) 20 1790 36 2960 360 >10000 86 >10000 NT 
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The 3-fluoroaryl analog (31) was one of the most potent 
compounds in the cellular NB assays for AAK1 and BMP2K, 
while the 4-fluoro analog (29) was much less active on both 
kinases. Compounds bearing small hydrocarbon chains and 
rings or alkyl amines on the sulfonamide proved to be the best 
dual AAK1/BMP2K inhibitors biochemically (14, 25, 26, 27, 
28, 32) and demonstrated at least 35-fold selectivity for 
BMP2K over GAK. The biochemical selectivity for BMP2K 
over STK16 was more variable, ranging from 4–16-fold. When 
considering the cell-based activity, 14, 26, 27, and 30–32 were 
the best performers in both the AAK1 and BMP2K NB, while 
25 and 28 exhibited a slight drop in potency when transitioning 
from the biochemical to cell-based assays. 
 

 

Figure 3. Cell cycle distributions. Cell cycle phases were deter-
mined by analytical flow cytometry of DNA content and DNA syn-
thesis in U2OS cells after 24h treatment with 5 µM of the indicated 
compounds (error bars represent n=3). Note: compounds 27, 28, 
and 32 induce G2/M arrest (nocodazole serves as a positive control 
for arrest with G2/M DNA content). 

All of the compounds from Table 4 built upon Scaffold A 
and a few representative compounds from Scaffold B (25–33, 
35, 36 and 38) were evaluated for selectivity by KINOMEscan 
(DiscoverX) against 403 wildtype human protein kinases at 1 
µM (Table 4).22 The compounds demonstrated remarkable se-
lectivity for AAK1/BMP2K across the 403 human kinases. 27 
and 36 were found to selectivity inhibit only AAK1/BMP2K 
(S10(1 µM) = 0.002). The remaining analogs were all narrow 
spectrum inhibitors of AAK1/BMP2K with >90% inhibition of 
only 1–8 additional kinases (S10(1 µM) = 0.005–0.01, Figure 
S4). 

To explore the phenotypic effect of AAK1/BMP2K inhibi-
tion, the lead compound 14 and the inactive analog 16 were 
tested in several cell lines. Surprisingly, we observed that 14 
had cytostatic effects on cells after 24h of continuous treatment. 
Further study in U2OS human osteosarcoma cells showed that 
14 elicited cell cycle arrest in G2/M phase at 5–10 μM (Figure 
S2). The lack of effect of inactive analog 16 implied that the 
G2/M arrest was not due to inhibition of AAK1/BMP2K but 
was likely due to inhibition of an off-target kinase. Cell growth 
inhibition and cell cycle arrest were observed in HEK293T cells 
as well (data not shown). Although the molecular mechanism 
of the cell cycle arrest proved to be elusive, we employed the 
U2OS cells as a screen to remove analogs that displayed this 
phenotype for consideration as chemical probes. A total of 12 
analogs were screened for their effect on G2/M arrest (Figure 

3). Nocondazole treatment was used as a positive control for a 
strong arrest in mitosis. 

Only analogs 27, 28, and 32 demonstrated the collateral G2 
or M phase arrest at 5 μM, while the remaining analogs were 
devoid of this phenotype (Figure 3, Figure S3). Compound 25 
was selected as a chemical probe due to its potency on AAK1 
and BMP2K, its kinome-wide selectivity, and its lack of a 
G2/M arresting phenotype.  

Following KINOMEscan of compound 25 (SGC-AAK-1), 
the binding affinity (KD) of all kinases inhibited >80% at 1 μM 
plus AAK1 and a few kinases inhibited by structurally related 
analogs was determined (Table S3). Only 3 kinases were bound 
by 25 within 30-fold of the potency of 25 for AAK1: RIOK1 
(KD = 72), RIOK3 (KD = 290) and PIP5K1C (KD = 260).23 In 
accordance with our previously described probe criteria,24 
SGC-AAK1-1 (25) is the best available dual AAK1/BMP2K 
chemical probe. Compound 16 (SGC-AAK1-1N) is the compli-
mentary negative control analog. 

We have described the design, synthesis and biological 
evaluation of a series of acylaminoindazoles as selective dual 
inhibitors of AAK1/BMP2K. Compound 25 emerged as the 
most selective and cell active compound within the series. X-
ray co-crystal structures of selected acylaminoindazoles bound 
to BMP2K revealed key interactions within the ATP binding 
pocket that explain the high affinity of this series for AAK1 and 
BMP2K. The effect of 25 on WNT signaling was recently re-
ported.23 Further investigations into the effects of selective 
pharmacological inhibition of AAK1 are ongoing. 
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structure–activity relationship; HEK, human embryonic kidney; 
NB, NanoBRET; U2OS, U2 osteosarcoma; KD, kinase domain; 
NLuc, Nanoluciferase; tx, treatment; H-bond, hydrogen-bond. 
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