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We report the discovery of a novel series of spiroindoline-based inhibitors of Sky kinase that bind in the
ATP-binding site and exhibit high levels of kinome selectivity through filling the Ala571-subpocket. These
inhibitors exhibit moderate oral bioavailability in the rat due to low absorption across the gut wall.
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Coronary heart disease is the leading cause of mortality and mor-
bidity in the United States.1 There are an estimated 40 million people
in the US at risk for thrombotic events due to atherosclerosis or prior
history of cardiovascular disease or stroke. The current front-line
treatment for arterial thrombosis is clopidogrel (Plavix�), which
has significant limitations in terms of efficacy without aspirin, and
is also a pro-drug that must be metabolized by liver enzymes to pres-
ent a pharmacodynamic effect. About one quarter to one third of pa-
tients do not adequately metabolize clopidogrel and therefore are
resistant to its effect.2 In addition, the active drug binds irreversibly
to platelets, resulting in a high risk for increased bleeding. Thus,
there is a need for safer, more effective anti-platelet agents useful
to a broad patient population.

Gas6 (growth arrest specific gene 6) is a member of the Vitamin
K dependent family of proteins which have all been shown to have a
role in thrombosis and hemostasis.3 Deficiency or inhibition of Gas6
causes platelet dysfunction and protects mice against thrombo-
sis.4,5 Mechanistically, Gas6 appears to play a critical role as a plate-
All rights reserved.

teostasis Therapeutics, 200
39, USA. Tel.: +1 617 225

ll).
643 Massachusetts, Suite 200,

, Worchester, MA 01605, USA.
let response amplifier, enhancing platelet aggregation and granule
secretion to known endogenous agonists. Gas6 is a ligand for three
tyrosine kinase receptors designated Sky (Tyro3/Rse), Axl, and Mer
that are expressed on human and mouse platelets,5 and induces
intracellular signaling through the PI3K and Akt pathways.6 Gas6-
neutralizing antibodies inhibit platelet aggregation, without in-
creased bleeding in mice.5 In addition, Gas6 knockout mice do not
have any significant difference in bleeding time compared to wild
type animals.4 Gas6 receptor knockout (Sky�/�, Axl�/�, or Mer�/�)
mice also exhibit protection against thromboembolism with nor-
mal bleeding times.7 Previous studies from our laboratories have
demonstrated that Sky specific antibodies inhibit human platelet
degranulation and aggregation to the same extent as Gas6 inhibi-
tion, and result in comparable efficacy to clopidogrel treatment in
a mouse model of thrombosis with no significant increase in bleed-
ing time.5 Thus, inhibition of Sky potentially represents the first
antithrombotic therapy that is not associated with bleeding side
effects.

When this project started, there were no literature reports of
selective small-molecule Sky inhibitors. Since then, several reports
of pan-inhibitors of the broad HGFR superfamily (Sky, Mer, Axl,
HGFR/Met) have emerged.8 To find chemical leads for a selective
inhibitor of Sky kinase, a UHT screen of the Pfizer compound library
was performed. We identified 1 as a structurally interesting lead
with low micromolar activity (IC50 = 1.04 lM). As a literature review
failed to identify any reports of spiroindoline-2-carboxyindoles with
reported kinase activity, we chose to pursue the spiroindoline
template for further SAR studies due to the potential for selectivity
against other members of the HGFR family and the broader kinome.
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Table 1
SAR of spiroindoline series
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ID R1 R2 R3 R4 Sky IC50
a (lM)

1 H Cl H * NH
1.04

9 H Cl H * NH 0.495

10 H Cl H *
NH

8.66

11 H F H * NH
0.476

12 H F H * NH 1.81

13 H F H *
N

2.88

14 H F H NH 4.41
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Analogs were prepared as described in Scheme 1. Treatment of the
Cbz-protected 3,4-dihydro-1H-pyrido[3,4-b]indole 2 with NCS lead
to rearrangement to the racemic Cbz-protected 2-oxo-1,2-dihydro-
1H-spiro[indole-3,30pyrrolidine] 3.9 Separation of the enantiomers
by chiral preparatory HPLC afforded the S and R enantiomers in high
chiral purity (R enantiomer not shown). Hydrogenation over Pd/C in
the presence of Boc2O enabled exchange of the Cbz protecting group
for a Boc group to afford 4 in high yield. Reduction of the lactam
bond afforded the Boc-protected 1,2-dihydro-1H-spiro[indole-
3,30pyrrolidine] 5, which could be coupled with 2-indolecarboxylic
acids under standard conditions to afford 7. Deprotection of the Boc
group under mild acidic conditions afforded 8, which underwent
smooth reductive amination with a variety of aldehydes and ke-
tones to afford analogs 9–26, which were isolated as mixtures of
diastereomers at the C ring stereocenter.
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Scheme 1. Synthesis of spiroindoline-2-carboxyindole analogs.

*

15 H F H * N
4.93

16 H F H * 27.9

17 H F H * N
37.8

18 H CH3 H * NH 0.811

19 H OCH3 H * NH 0.501

20 OCH3 H H * NH 0.843

21 C(O)NH3 H H * NH 2.20

22 CN H H * NH 1.13

23 H H CI * NH 0.560

24 F H H * NH 0.598

25 H H H * NH
0.246

26 F H H * NH
0.189

⁄ Point of attachment.
a IC50 values obtained in duplicate using an ELISA format assay.10
We initially investigated the SAR around the C ring (Table 1). All ana-
logs were made with the S configuration at the spiroindoline center as
the R enantiomer was >10-fold less active against Sky (data not shown).
The C ring proved to be very sensitive to manipulation. Contraction of
the piperidine ring to a pyrrolidine ring resulted in a two-fold improve-
ment in potency (9, IC50 = 0.495 lM). Moving the N atom in the C ring to



Table 3
In vivo rat PK profile of selected compoundsa

Analog t1/2 (h) Cl (mL/min/kg) Vdss (L/kg) F (%)

9 3.1 60 13 14
24 4.0 5 1.6 11

a Values are means of duplicate experiments. Sprague-Dawley rats were dosed as
a suspension in 5% PEG-200/95% (0.5% w:w) methyl-cellulose.

Figure 1. 2 Å X-ray crystal structure of 11 (yellow stick) bound in the ATP active
site of murine Sky kinase domain (pdb ID code: 3QUP).11 Dotted lines denote
hydrogen bonds formed with protein residues.
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the4-position toremove thechiral center resulted inan eight-fold loss of
potency (10, IC50 = 8.66 lM). Replacing the 5-Cl atom on the indole ring
with a F atom resulted in a two-fold potency improvement (11,
IC50 = 0.476 lM), subsequently further analogs were made with the 5-
F indole substituent. The pyrrolidine C ring size proved optimal, as a
four-membered ring (12, IC50 = 1.81 lM) or an N-methyl-4-piperidine
ring (13, IC50 = 2.88 lM) were less active. A 1-carbon extension of the
3-piperidine ring also resulted in a loss of activity (14, IC50 = 4.41 lM).
The secondary NH of the 3-piperidine ring was also vital for activity,
as alkylation with an ethyl group (15, IC50 = 4.93 lM), or replacement
of thepiperidine ring witha cyclohexyl ring(16, IC50 = 27.9 lM) resulted
in a loss of activity. In addition, aromatic replacements were also not
tolerated (17, IC50 = 37.8 lM).

Having determined that a 3-piperidine or 3-pyrrolidine C ring
was vital for Sky inhibition activity, we turned to explore the
SAR of the indole D/D0 rings. Electron donating methyl or methoxy
groups at the R2 position resulted in similar potency to the electron
withdrawing Cl and F substituents (18, IC50 = 0.811 lM and 19,
IC50 = 0.501 lM, respectively). An electron donating methoxy at
the R1 position had a negligible affect on Sky inhibition activity
(20, IC50 = 0.843 lM), while electron withdrawing primary car-
boxyamide and cyano groups had a deleterious affect on activity
(21, IC50 = 2.20 lM and 22, IC50 = 1.13 lM). Moving the halogen
atom to the R1 or R4 position gave similar inhibitory activity to 9
(23 and 24, IC50 = 0.56 and 0.598 lM, respectively). Surprisingly,
the largest boost in potency was observed with the addition of a
methyl group at the a-N position in the 3-piperidine C ring (25,
IC50 = 0.246 lM and 26, IC50 = 0.189 lM). All of the compounds in
the spiroindoline series exhibited limited activity in the functional
platelet aggregation assays (9 and 26 inhibited platelet aggregation
with IC50 = 13 and 20.7 lM, respectively).

Compounds 9 and 24 in the spiroindoline-series exhibited mod-
est in vitro ADME data (Table 2). As expected from the presence of
two basic nitrogen atoms, both 9 and 24 possessed low c logP val-
ues. As a consequence, 9 exhibited low cellular permeability in an
artificial membrane PAMPA assay. Both 9 and 24 exhibited modest
aqueous solubility and excellent microsomal stability. However,
both were also potent inhibitors of CYP2D6. Modest oral bioavail-
ability in rats was also observed for 9 and 24 (Table 3). As modest
plasma concentrations were observed following oral dose, the oral
bioavailability of 9 (F = 14%) was presumably limited by absorption
across the gut wall and first pass metabolism. Interestingly, mov-
ing the halogen atom by one position on the indole ring in 24 re-
sulted in improved clearance (Cl = 5 mL/min/kg) and lower
volume of distribution. However, the oral bioavailability of 24
(F = 11%) was still presumably limited by absorption across the
gut wall.

The structural novelty of the spiroindoline-2-carboxyindole
template as a kinase inhibitor suggested the possibility of a novel
binding mode. However, 1 was shown to be an ATP-competitive
inhibitor. Docking studies suggested several possible binding
modes in the ATP active site of Sky, which were resolved by obtain-
Table 2
In vitro ADME profile of selected compoundsa

Analog c logP Solubilityb

(lM)
Permeability
(�10�6 cm/s)

HLM t1/2

(min)
CYP2D6
IC50

c (lM)

9 2.92 5.2 0.03d 60 0.014
24 2.35 7.8 NT 52 0.655
26 3.58 11.7 5.13e 44 94% @ 3 lM

a Values are means of duplicate experiments, (NT = not tested).
b Aqueous solubility measured at pH 6.5.
c CYP2D6 substrate = dextromethorphan.
d PAMPA artificial membrane assay.
e Caco-2 permeability assay.
ing a 2 Å X-ray crystal structure of 11 bound in the ATP active site
of the murine Sky kinase domaine (Fig. 1).11 Analysis of the X-ray
data indicated that the spiroindoline core was oriented in the
ATP site with the phenyl A0 ring �4 Å from the methyl sidechain
of the Ala571 residue that lies beneath the Leu593 gatekeeper res-
idue. The N of the pyrrolidine B ring formed a salt bridge with the
Asp663 carboxylic acid sidechain, while the N of the piperidine C
ring formed a similar charged interaction with the backbone car-
bonyl of Arg649. The 2-carboxyindole D/D0 ring bound in a syn-
conformation and made HBD and HBA interactions with the
Met596 residue in the hinge region.

The Ala571 residue presents a unique subpocket in the Sky
ATP-binding site, as an analysis of the amino acid sequences of
140 human protein tyrosine kinases indicates that all of the other
kinases possess a sterically larger amino acid sidechain at this po-
sition. Consequently, compounds that bind in the ATP-binding site
of Sky and occupy the Ala571-subpocket were hypothesized to
demonstrate kinase selectivity. The spiroindoline series confirmed
this hypothesis and demonstrated excellent selectivity for Sky ver-
sus 20–30 other kinases in an in vitro screening panel designed to
broadly represent the kinome (Table 4).12 Compounds 11, 24, and
25 were essentially inactive in 19 kinases with modest inhibition
activity in CKI-d (18–63-fold). Compound 26 was inactive in an
additional 10 kinases with slightly increased CKI-d activity (nine-
fold). Sky is a member of the HGFR family of tyrosine kinases,
which consists of HGFR/Met, Sky, Axl, and Mer. All of the com-
pounds tested displayed no activity against HGFR, very modest
inhibition of Axl, and 4- to 14-fold selectivity against Mer.

In summary, we have discovered a novel series of Sky inhibitors
based on a spiroindoline-2-carboxyindole template. These inhibi-
tors display modest Sky potency with only slight modifications in
the C and D/D0 rings tolerated. Addition of hydrophobic groups in
the C ring afforded the most potent compounds. This series exhib-
ited poor inhibitory activity in functional platelet aggregation



Table 4
Heat map of kinase fold-selectivity for selected compoundsa
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a Fold selectivity (kinase IC50/Sky IC50) colored by green = >100-fold, yellow =
10–100-fold, red = <10-fold.
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assays, possibly due to high plasma protein binding or the low cel-
lular permeability. While good microsomal stability was observed
in in vitro assays, all compounds exhibited potent CYP2D6 inhibi-
tion. The moderate oral bioavailability in the rat of 9 and 24 ap-
peared to be largely limited by absorption across the gut wall
and/or high in vivo clearance. X-ray crystallography revealed a
unique binding mode in the ATP-binding pocket with the central
A0 phenyl ring occupying the Ala571-subpocket. Consequently,
these compounds exhibited excellent selectivity for Sky against
the broader kinome. Good selectivity was also observed against
other members of the HGFR subfamily.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2011.11.036.
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