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A B S T R A C T

We demonstrate an innovative approach for optimization of kinase inhibitor potency and selectivity utilising
kinase mini-panels and kinome-wide panels. We present a focused case study on development of a selective
inhibitor of cyclin G associated kinase (GAK) using the quin(az)oline inhibitor chemotype. These results ex-
emplify a versatile, efficient approach to drive kinome selectivity during inhibitor development programs.

A key challenge in developing kinase inhibitors that target the
conserved ATP-binding site is inhibitor selectivity. The optimal
screening approach would be to generate full kinome profiles for every
compound prepared and thus provide a complete picture of compound
selectivity.1 Profiling every compound throughout a medicinal chem-
istry program is a costly and time-consuming endeavour. There is a
need to economise to have the optimal balance of time, cost, and in-
formation for compound progression. This in practice means testing a
subset of kinases against a subset of compounds at an early stage. In-
deed, there is increasing data suggesting that focused, rationally-de-
signed kinome mini panels can provide useful, representative data for
wider kinome selectivity to effectively support discovery efforts.2,3

Herein we exemplify this approach by applying it to an inhibitor series
targeting cyclin G associated kinase (GAK).

The quin(az)oline is a common kinase inhibitor chemotype. Several
quin(az)oline-based clinical kinase inhibitors show cross reactivity with
GAK, including the approved drugs gefitinib, erlotinib, and bosutinib
(Fig. 1).4 These drugs were designed as inhibitors of either epidermal
growth factor receptor (EGFR) or SRC family kinases and show similar
or higher affinity for several other kinases, making them ineffective
tools for direct interrogation of GAK biology.5

Isothiazolo[5,4-b]pyridine (JMC 2015-12g) was reported as a se-
lective GAK inhibitor.6 Although useful as a tool compound, JMC 2015-
12g shows cross reactivity with other kinases, any of which may lead to
confounding cell biology. The availability of a selective GAK chemical
probe with a negative control would be a valuable asset for

deconvoluting phenotypes associated with GAK.
GAK is a 160 kDa serine/threonine kinase originally identified as a

direct association partner of cyclin G and a member of the numb-as-
sociated kinase (NAK) family.7 In addition to its kinase domain, the
GAK C-terminus has high homology with auxilin and tensin, with broad
expression and localization to the Golgi complex, cytoplasm, and nu-
cleus.8,9

GAK has been implicated in diverse biological processes, and
genome-wide association studies have identified single nucleotide
polymorphisms in the GAK gene associated with susceptibility to
Parkinson’s disease.10 GAK is also involved in membrane trafficking and
uncoating of clathrin-coated vesicles in the cytoplasm.11,12 GAK is also
required for maintenance of centrosome maturation and progression
through mitosis.13 GAK is over-expressed in osteosarcoma. In prostate
cancer, GAK expression increases with the progression to androgen
independence.14–16 GAK inhibition may be associated with clinical
toxicity due to pulmonary alveolar dysfunction. However, this spec-
ulation is based upon the phenotype of transgenic mice expressing
catalytically inactive GAK and has not yet been tested with a selective
small molecule GAK inhibitor.17

We are focused on elucidating the biology of GAK and other
members of the lesser-studied portion of the kinome.18 We have pre-
viously described the identification of a series of 4-anilinoquinoline
inhibitors of GAK, exemplified by GW494610, GI230329 and 1.19

Quinoline 1 was profiled at 1 µM across an assay panel of over 400
wild-type human kinases (KINOMEscan). Subsequent KD determination
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for those kinases with >60% binding at 1 µM identified three kinases
(receptor-interacting protein kinase 2, RIPK2; AarF domain containing
kinase 3, ADCK3; and nemo-like kinase, NLK) with KD values within 30-
fold of that of GAK consistent with previous reports.20,21

The optimisation of 1 using 4-anilinoquinolines and found that the
3,4,5-trimethoxy aniline was the preferred substitution on the ‘head
group’ of the molecule.20,21 This head group favourably balanced steric,
electronic, and solvent effects. We now report a mini-panel kinome
optimisation of quinoline substitution using an enzymatic assay com-
plementary to the GAK binding assays that generated the KD values
(Table 1).

We prepared a series of compounds (1–22) through nucleophilic
aromatic displacement of commercially available 4-chloroquin(az)

olines in excellent yields (58–85%), consistent with previous reports
(Scheme 1).20–23

The unsubstituted quinoline (2) showed a > 15-fold reduction in
potency relative to the 6-CF3 analog 1. The 6-position halogen-con-
taining compounds 3–6 showed preference over those with halogens at
the 7-position (7–10). However, the iodo analogs 6 and 10 do not
follow the general trend seen with the other halogens. The larger 6-tert-
butyl (11) was 3-fold weaker than 1, and 6-cyano (12) showing a
doubling of potency. The 6-methylsulfone (13) was considerably
weaker with> 2 orders of magnitude loss in binding potency. The
methoxy isomers (14–16) did not yield increased potency relative to
the halogens, but 15 showed that the substitution pattern does affect
GAK potency with a 3–5-fold improvement over mono-substituted
analogs 14 and 16. The 7-position trifluoromethyl (17) and cyano (18)
showed no improvement over the corresponding 6-position counter-
parts 12 and 1 respectively

We employed a custom panel of sixty-nine kinase activity assays to
measure kinome-wide selectivity at 1 µM compound (Table 1, Table S1,
Fig. 2). This panel included all off-targets of

1 as well as a standard panel of diverse kinases from different
branches of the kinome phylogenetic tree. On the quinoline core, 7-
position halogens (8–10) in addition to 7-trifluoromethyl (17) and 7-
cyano (18) showed affinity for ABL. The same trend was observed with
ALK2 with increased potency (80–90% inhibition) and to a lesser extent
with ALK6. c-RAF was also potently inhibited across the series, with
inhibition range of 70–90 %. However, the monomethoxy compound
16 showed reduced activity by 20% on c-RAF showing that selectivity
could be achieved. EGFR showed no significant activity at 1 µM across
the series, despite extensive previous reports of EGFR activity on more
decorated quin(az)oline structures.4–5

The ephrin receptor family showed broadly similar trends with
EphA1, EphA8 and Fyn potently inhibited by 7-position halogenated
compounds (8–10) in addition to 7-trifluoromethyl (17) and 7-cyano
(18). EphA5 and EphB4 showed less sensitivity to changes in sub-
stitution but similar trends across the series. Interestingly the 6,7-

Figure 1. Previously described inhibitors of GAK.

Table 1
Affinity of 4-anilinoquinolines for GAK and corresponding mini-kinome panel

profile

Cmpd R1 R2 GAK Kinasesb

KD (nM)a >70% >50%

1 CF3 H 10 3 7
2 H H 170 1 2
3 F H 58 2 2
4 Cl H 6.3 2 4
5 Br H 4.1 3 8
6 I H 8.6 2 7
7 H F 76 2 2
8 H Cl 13 5 9
9 H Br 8.6 10 11
10 H I 7.6 10 11
11 t-Bu H 34 2 3
12 CN H 4.9 2 3
13 SO2Me H 450 2 4
14 OMe H 48 1 2
15 OMe OMe 11 6 9
16 H OMe 35 1 2
17 H CF3 23 5 9
18 H CN 43 7 12

a Eurofins DiscoverX binding assay (n= 2),
b Kinases inhibited in enzyme assays at 1 µM – custom panel of 69 kinases

(n=1). (See Fig. S2)

Scheme 1. General synthetic procedure.
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disubstituted methoxy (15) was potent across the whole family as was
the meta-methoxy 6-trifluoromethyl analog (20), suggesting that the
structure activity relationship is not solely due to steric effects and is
likely influenced by other contributions including electronic and sol-
vation effects (Figs. 2 and 3). Lyn and Lck followed the same trends as
the ephrin receptor kinases, suggesting that substitution at the 7-posi-
tion was increasing promiscuity more generally across the kinome. The
last kinase to show sporadic inhibition was Txk with a profile consistent
with the previous kinases albeit with reduced sensitivity.

The previously identified off-target nemo-like kinase (NLK) from the
original hit compound 1 showed a range of profiles across the series
with a pattern similar to the GAK activity. However, the RIPK2 activity
was not sensitive to changes in substitution across the compounds
tested. This observation held even with some of the more diverse
analogs including a quinazoline version of 1 with the possibility of an
additional hinge binding interaction (19) and a simplified mono-
methoxy (20) but not with the negative controls 21 and 22 (Fig. 3).

Analysis of the active site suggested that GAK Ala47 residue could
be exploited to improve selectivity over RIPK2. In comparison to 6-
cyano (12), the 6-bromo compound (5) was expected to have a reduced
ability for a direct hydrogen bonding interaction between Ser25 of
RIPK2 near the solvent exposed portion of the ATP-binding

pocket.20–22,24 Results from the mini-panel panel structure activity re-
lationships confirmed this supposition, and we chose compounds 5 and
15 for full-kinome follow-up to identify a candidate with the best bal-
ance of GAK potency and overall selectivity profile. (Table 2). We had
initially screened quinoline 1 to reveal the kinome landscape with over
468 kinases screened, including 402 wild-type human kinases, 63 mu-
tants, and 3 parasite kinases. Only GAK and three other targets (ADCK3,
NLK & RIPK2) demonstrated KD values below 1 µM with 5 further ki-
nases between 1 and 5 µM. We then screened 15, relating to its potency
on target and favourable off-target profile and literature precendence.20

However we found increased promiscuity across the kinome, particu-
larly for ABL1, EphA6 and RIPK2 with the nearest off-target dropping
from a 30-fold window to GAK in 1 to less than a 10-fold window for
15. This was compounded by the wider range of thirteen off-targets
compared to seven for 1 in the 0.1–5 μM range. We then screened
compound 5 based on the mini-panel, which showed a narrow kinome
profile and a corresponding potent GAK activity. We found the kinome
selectivity profile had improved over 1 with increased potency on
target. The corresponding negative control (21) only bound a single
kinase, IRAK3, under 5 μM across the entire assay panel. The kinome
profiles of 1, 15 and 5 show a progression to a compound that is both
narrow spectrum and potent on target (Fig. 4). The mini-panels enable
an optimsation strategy driven by kinome selectively concurrent with
kinase specific potency.

We then screened the most promising compounds in a cellular target
engagement system.25,26 The compounds showed in cell engagement of
GAK and good concordance with the in vitro binding (Table 3). The
starting point 1 already had submicromolar activity (IC50= 210 nM),
with the final compound 5 showing similar potency. Compound 15
showed a > 4-fold improvement over 5 but with a mild increase in
cross activity with additional kinases. Interestingly the meta-methoxy 6-
trifluoromethyl analog 20 showed only a modest decrease in cellular
potency, with a corresponding increase in ligand efficiency. The nega-
tive controls 21 and 22 performed as expected, with the strategically
positioned additional methyl groups disrupting binding.

4-Anilinoquinolines and quinazolines are common structural tem-
plates for kinase inhibitors, including several approved medicines, with
many more under clinical investigation.4,5 We had previously identified
a series of 4-anilinoquinolines as narrow spectrum inhibitors of GAK
and now show how we used mini-kinase panels to define several ac-
tivity wells on different kinases within a focused array of compounds.

The use of the full kinase panel, while ideal, can be both time and
cost constrained during short medicinal chemistry cycles. The use of a
focused mini-kinase panel is amenable to support early stage compound

Figure 2. Customized panel heatmap of 69 kinases for 21 quin(az)olines. (Table
S1 for details). Screened at 1 µM compound, red is 100% inhibition, white is 0%
inhibition relative to DMSO control.

Figure 3. Analogs for further investigation of quinoline pharmacophore.
aKinases inhibited Eurofins enzyme assay at 1 µM - Panel of 69 kinases (n= 1).

Table 2
Selected kinase profile of 4 key compounds.

Kinase 1 15 5 21

KD (nM)a

GAK 10 11 4.1 9900
ABL1-non-Phos. 1900 170 1200 –
ABL1-Phos. – 92 – –
ACVR1 – 1300 1000 –
ADCK3 300 250 260 –
BMPR1B – 280 – –
EphA1 3100 1300 – –
EphA8 1100 560 – –
EphB6 1600 130 710 –
IRAK3 – – – 480
LCK 1100 350 – –
MEK5 – 430 – –
NLK 690 410 520 –
RIPK2 890 190 110 –
TXK 1400 – – –

a Binding assay data (n= 1–2), ‘-‘ denotes KD≥ 10 µM (See Figure S2 and
Table S2 (full results))
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progression. This early evaluation of selectivity profiles allows for the
identification and removal of promiscuous compounds at an early phase
of lead optimization, enabling compounds with a narrow kinome pro-
file to progress for lead optimization. This approach also highlights the
off-target structure activity relationships enabling them to be designed
in or out.

We were able to see clear trends in the mini-panel results in tandem
with the scanMAX results. We observed trackable off-targets in the
mini-panel including ABL; c-RAF; NLK and RIPK2, but also more
sporadic results within the ephrin receptor family (EphA1, A8) and
other kinases including ALK2, Lck, Lyn and Txk. There were also clear
trends within compound substitutions despite the solvent exposure of
this region, with the 7-position showing more promiscuity than the 6-
position except for 15. There were also several one-off weaker hits.
These included the 7-cyano (13) on CDK9 but no other CDKs.
Interestingly, the quinazolines senexin A and B were previously iden-
tified as narrow spectrum CDK inhibitors.27 The switch from the qui-
noline (1) to quinazoline (19) saw a slight increase in EGFR activity;
further evidence of a complex interplay of structure activity relation-
ships in kinase inhibitor design.

This work highlights the subtleties in kinase inhibitor design where
small changes can have a large impact on the kinome selectivity profile.
This study illustrates that a carefully crafted, fit for purpose

combination of full- and mini-kinome panels can enable efficient dis-
covery of potent and selective inhibitors.
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