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Table 1
Initial screening hit and amide replacements

N

NH
R

MeO2S
1

2

345
6

7 8

Compound R LRRK2 (wt)
IC50 (lM)

LRRK2 (G2
IC50 (lM)

1 CONH2 0.039 0.041
2 Acetyl 0.066 0.071
3 Thiazol-2-yl 1.747 2.893
4 4,5-Dihydro-1H-imidazol-2-yl 91.856 88.597
5 1-Methyl-1H-pyrazol-4-yl 2.020 2.229
6 CN 0.031 0.028
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Mutations in leucine-rich repeat kinase 2 (LRRK2) are associated with familial Parkinson’s disease (PD).
The kinase activity of this complex protein is increased by pathogenic mutations. Inhibition of LRRK2
kinase activity has therefore emerged as a promising approach for the treatment of PD. Herein we report
our findings on a series of 4-alkylamino-7-aryl-3-cyanoquinolines that exhibit kinase inhibitory activity
against both wild type and G2019S mutant LRRK2. Activity was determined in both biochemical and cel-
lular assays. Compound 14 was further evaluated in an in vivo pharmacodynamic study and found to sig-
nificantly inhibit Ser935 phosphorylation after oral dosing.

� 2013 Elsevier Ltd. All rights reserved.
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Parkinson’s disease (PD) is a progressive neurological move-
ment disorder affecting 1–2% of the population over the age of
60 and up to 4% over the age of 80.1,2 In the United States alone
it is estimated that there are about 50,000 new cases reported
annually and this number is expected to grow as life expectancy
increases.3 Current standards of care have serious limitations
and/or drawbacks and largely address only symptoms.4 Because
of these shortcomings there is a clear need for improved therapies.

While most occurrences of PD are sporadic, the discovery of
causal mutations in familial forms of PD has opened numerous
avenues of investigation. Mutations in leucine-rich repeat kinase
2 (LRRK2) are known to cause autosomal-dominant parkinsonism.5

There are at least five pathogenic mutations in LRRK2 that have
been identified and, of those, the G2019S mutation is the most pre-
valent amino acid substitution.6 This mutation is found in the
kinase domain of LRRK2 and is reported to cause an increase in
kinase activity.7–9 This enhanced activity suggests that small mol-
ecule LRRK2 kinase inhibitors may lead to new PD therapeutics.

We employed a kinase inhibitor-focused screen that identified
quinoline amides as hits of which the most potent was compound
1 (Table 1). This screen used an HTRF (homogeneous time-resolved
fluorescence) assay measuring the inhibition of LRRKtide
 phosphorylation.10 Compounds of this chemotype are known

inhibitors of CSF1R as well as PDE4 and we were therefore inter-
ested in modifying this hit scaffold.11,12 We also observed that
these quinoline amides have poor CNS penetrance (B/P = 0.1 for
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Figure 1. A model of the complex between compound 6 and LRRK2.
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Scheme 1. Reagents and conditions: (a) neat, 120 �C (98%); (b) Dowtherm, reflux; (c) POCl3, reflux (43%, 2 steps); (d) isopropylamine, DMA, 100 �C (76%); (e) Pd(PPh3)4,
K2CO3, dioxane, H2O (67%).

A. W. Garofalo et al. / Bioorg. Med. Chem. Lett. 23 (2013) 1974–1977 1975
1) and significant P-gp mediated efflux (in vitro efflux ratio = 6.2
for 1). We ascribed this poor uptake and high efflux to the presence
of the amide substituent which led to the search for suitable
replacements as listed in Table 1. A twofold loss in potency was
the result of replacing the amide with an acetyl group (compound
2) and much larger decreases in activity were observed with all
heterocyclic replacements examined (e.g., 3, 4, and 5). However,
incorporation of a nitrile at C3 afforded a compound 6, that was
at least equipotent to the screening hit.

We developed a homology model for LRRK2 based on the crystal
structure of mixed-lineage kinase MLK1 (pdb code: 3DTC).13,14

Compound 6 was docked into our model and showed a hinge bind-
ing interaction between the quinoline nitrogen and the A1950
amide (Fig. 1). In this model the methylphenylsulfone is oriented
toward the solvent channel and the isopropylamine occupies space
between V1893 on the P-loop and L2001 in the C-terminal domain.

Encouraged by the activity of 6 we set about making a number of
3-cyanoquinolines. Taking into consideration the binding mode
from our model, we opted to make a set of compounds that were
diversified at C4 and C7. These compounds were generally prepared
as depicted in Scheme 1. Addition of 3-iodoaniline (7) to ethyl 2-
cyano-3-ethoxyacrylate (8) afforded cyanoacrylate 9. Thermal
cyclization followed by chlorination using POCl3 gave the
4-chloro-7-iodoquinoline 11. Treatment of 11 with an appropriate
amine in DMA followed by Suzuki coupling to C7 provided the
desired analogs.

Compound potency was measured in both biochemical and cel-
lular assays and results are reported in Table 2. The in vitro poten-
cies of compounds maintaining the C4 isopropylamino group and
varying substitution at C7 (6, 14–22) were not greatly different.
However, comparisons with the C7 unsubstituted quinoline, 22,
indicate a clear potency advantage for compounds with substitu-
tion at this position. Several analogs with tertiary amine substitu-
tion at C4 were prepared (23–26). Compounds 23–25 exhibited
slightly improved potency over the screening hit, 6, whereas 26
containing a slightly larger, more lipophilic 3� amine, was approx-
imately equipotent. Overall, the data in Table 2 show an increase
in biochemical potency with increasing amine basicity; the most
potent compounds as measured in the biochemical assays also
contain the most basic amine substitution at C4. We have previ-
ously reported on a series of cinnoline amides that demonstrated
improved potency by changing the C4 isopropylamine to (R)-1-
cyclopropylethylamine,15 however, the same benefit was not
realized in this series (cf. 6 and 31, 32).



Table 2
Inhibitory activity against wild type (wt) and mutant G2019S LRRK2

R N

A
CN

Compound R A LRRK2 (wt)
IC50 (lM)

LRRK2 (G2019S)
IC50 (lM)

LRRK2 (G2019S)
EC50 (lM)

6 4-(Methylsulfonyl)phenyl Isopropylamino 0.032 0.028 0.435
14 1-Methyl-1H-pyrazol-4-yl Isopropylamino 0.007 0.005 0.140
15 4-(N-Methylsulfamoyl)phenyl Isopropylamino 0.009 0.006 0.226
16 4-(Morpholinosulfonyl)phenyl Isopropylamino 0.014 0.010 0.416
17 2-Methylthiazol-5-yl Isopropylamino 0.023 0.016 0.545
18 4-(Pyrrolidin-1-ylsulfonyl)phenyl Isopropylamino 0.012 0.019 —
19 4-(N,N-Dimethylsulfamoyl)phenyl Isopropylamino 0.037 0.028 —
20 6-(Methylsulfonyl)pyridin-3-yl Isopropylamino 0.064 0.048 1.599
21 5-Chlorothiophen-2-yl Isopropylamino 0.109 0.065 2.621
22 H Isopropylamino 0.103 0.288 —
23 1-Methyl-1H-pyrazol-4-yl Azetidin-1-yl 0.010 0.013 0.504
24 4-(Methylsulfonyl)phenyl Azetidin-1-yl 0.016 0.014 —
25 4-(Methylsulfonyl)phenyl Dimethylamino 0.020 0.027 1.134
26 4-(Methylsulfonyl)phenyl Piperidin-1-yl 0.052 0.059 1.599
27 4-(Methylsulfonyl)phenyl 4-Methylpiperazin-1-yl 0.281 0.120 —
28 4-(Methylsulfonyl)phenyl Methyl(phenyl)amino 0.450 0.278 —
29 4-(Methylsulfonyl)phenyl Imidazol-1-yl 0.682 0.498 —
30 4-(Methylsulfonyl)phenyl N-Methylacetamido 2.333 1.177 —
31 4-(Methylsulfonyl)phenyl (R)-Cyclopropylethylamino 0.046 0.039 —
32 4-(2-Oxooxazolidin-3-yl)phenyl (R)-Cyclopropylethylamino 0.048 0.027 0.731

Biochemical enzyme activity was determined using GST-LRRK2(970-2527), GST-(G2019S)LRRK2(970-2527), and LRRKtide in the presence of 100 lM ATP. Cellular activity
was determined using HEK293 cells stably transfected with LRRK2 (G2019S).

Figure 2. In vivo G2019S LRRK2 transgenic mouse pharmacodynamic study results.
Transgenic mice were administered a single oral dose of compound 14 and brains
were collected 3 h post dose for analysis. The p-Ser935 levels were determined by
ELISA and normalized to total LRRK2. Data are expressed as the mean ratio of
p-Ser935 to total LRRK2 normalized to values observed in the vehicle control group.
Error bars represent SEM.
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Our cellular assay monitored Ser935 phosphorylation which is
known to depend on LRRK2 kinase activity.16 Good correlation be-
tween in vitro and cellular measures was observed. A correlation
analysis of LRRK2 (G2019S) biochemical IC50’s with cellular EC50’s
showed R2 = 0.88. The most potent compound was 14 which regis-
tered a 140 nM EC50.

We profiled compound 6, 14, and 32 against a panel of 40 ki-
nases.17 At a concentration of 1 lM, compound 14 inhibited the ki-
nase activities of AURA, FLT3, PLK2 and SYK at greater than 80%.
However, at 1 and 10 lM, respectively, neither compounds 6 nor
32 inhibited any kinases in the panel to such an extent. The highest
inhibition observed with these compounds was against SYK (71%
and 80%). These three compounds differ most greatly in their sub-
stitution at C7 and this observation suggests that inhibitor interac-
tions with residues near the solvent channel might be exploited for
improving LRRK2 selectivity.

We assessed the CNS exposure of compounds 6, 14, and 32 in
both Mdr1 a/b (�/�) and P-gp competent wild-type FVB mice to
obtain a measure of P-gp efflux and brain uptake. CNS penetration
was observed at 5 min following a 1 mg/kg IV dose. Penetration
was assessed from the brain to plasma concentration ratios (Kp)
in the wild-type mice and was determined to be 0.7, 1.3, and 0.1
for compounds 6, 14, and 32 respectively. No significant P-gp efflux
was observed and this was consistent with values obtained in vitro
from MDR1-MDCK transfected cells.

Lead compound 14 was further evaluated in an in vivo pharma-
codynamic study. BAC transgenic mice (n = 5 per group) expressing
mouse LRRK2 with the human G2019S mutation were adminis-
tered a single oral dose of compound 14 at 30 and 100 mg/
kg.18,19 Brain samples were collected at 3 h post dose and analyzed
by sandwich ELISA to determine p-Ser935 and total LRRK2 lev-
els.20,21 Figure 2 shows that treatment with LRRK2 inhibitor 14 re-
sulted in a significant reduction of the percent of phosphorylation
at Ser935 at 30 and 100 mg/kg (30% and 44% reduction respec-
tively, ⁄p <0.05 and ⁄⁄⁄p <0.001). Consistent with our observations
in FVB mice, we observed moderate CNS exposure of compound
14 in these transgenic animals. Brain to plasma concentration ra-
tios were determined to be 1.2 at 30 mg/kg and 2.1 at 100 mg/kg.22

In summary, we have developed a series of 4-alkylamino-7-
aryl-3-cyanoquinolines that inhibit LRRK2 kinase activity as mea-
sured in biochemical and cellular assays. Several compounds in
this series were found to have high selectivity for LRRK2 inhibition
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as measured in a panel of representative kinases. Compound 14
was dosed orally in an in vivo mouse model and found to signifi-
cantly inhibit Ser935 phosphorylation at doses of 30 and 100 mg/
kg in brain.
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