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Abstract

LRRK2 has been widely recognised as a critical drug target as it is relevant for both familial and
idiopathic cases of Parkinson’s disease (PD). Increased LRRK2 kinase activity has been observed
in PD patients regardless of their genetic status. This study investigated seventeen 5-phenylindazole
derivatives as LRRK2 kinase inhibitors by monitoring Rab10 phosphorylation at Thr73 (a direct
LRRK?2 substrate) and LRRK2 phosphorylation at Ser935 in HEK293 cells expressing either wild-
type or G2019S LRRK2. Molecular docking was used to analyse protein-ligand interactions at the
atomic level. In wild-type LRRK2 cells, four small molecules (4h, 4i, 4n and 40) induced a modest,
non-significant inhibition of Rab10 Thr73 phosphorylation (ranging from 27% to 35%), but LRRK2
Ser935 phosphorylation remained unaffected. Whereas no significant inhibition of either LRRK2 Ser935
and Rab10 Thr73 phosphorylation was observed in the LRRK2-G2019S cells treated with any of the
5-phenylindazole derivatives. Computational analysis revealed that these compounds preferentially bind
to the open-inactive conformation of LRRK2, a characteristic of type II kinase inhibitors. However,
due to their compact molecular scaffolds, these small molecules only partially occupied the extended
type II binding pocket, limiting the allosteric engagement necessary for potent inhibition.

In conclusion, this structure-activity relationship study demonstrates that while type II binding mode
selectivity was modestly achieved, scaffold extension is required to increase molecular size and achieve
fuller occupancy of the extended type II pocket.
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INTRODUCTION other pathogenic LRRK?2 mutations, result in an
increased LRRK2 kinase activity.'7 Interestingly,
. . SRS the enhanced LRRK?2 kinase activity is also seen
peurolgglca} disorder worldwide.! With Fhe in idiopathic PD (iPD) which comprises about
increasing life span of the world’s population 90% of the overall PD cases, where mutations
due to a better quality of life, a large brunt of this in LRRK? are absent.®

disease burden will be faced by developing nations

with under-resourced health infrastructures.**
PD can be caused by genetic and environmental

factors.!* Mutations in the LRRK2 gene, which

expresses the 'leucine—rich repeat kinase 2 interchangeably be in an active and inactive
(LRRK2) protgln are the'commonest cause of a6 via their catalytic aspartate-phenylalanine-
autosomal dominant PD, with the LRRK2 G2019S glycine (DFG) motif." Uniquely to LRRK2, the

variant being the most common of these and, like

Parkinson’s disease (PD) is the fastest-growing

LRRK?2 is a multi-domain protein, and the
kinase domain is where the kinase activity of
LRRK2 occurs.” Kinase proteins are highly
conserved throughout species. They can
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phenylalanine in the DFG motif is replaced with
tyrosine, making it a DYG motif instead.!" The
DYG motif of LRRK2 kinase adopts a “DYG-
in” and “DYG-out” states, when active and
inactive, respectively, wherein aspartate is flipped
in (“closed-active”) and out (“open-inactive”)
of the active site cleft, which determines ATP
binding.'>!3

Monitoring the LRRK2 at Ser1292 would
be an ideal way to measure LRRK2 kinase
activity.'* However, utilising endogenous LRRK?2
phosphorylation at Serl1292 as a biomarker
is known to be challenging due to its low
stoichiometry, which leads to poor antibody
detection.!®!” As an alternative, phosphorylation
of LRRK2 at Ser935 (pSer935) has become
widely used as a biomarker in LRRK2 inhibitors
studies, as it is consistently reduced upon
treatment.'®?! More recently, the discovery of
Rab GTPases as direct LRRK2 substrates has led
to the identification of Rab10 phosphorylation at
Thr73 (pThr73) as a reliable readout for assessing
LRRK2 kinase activity.?%

Current PD treatments address the symptoms
of the disease and are often accompanied
with adverse effects.! Significant efforts are
focused on developing potent pharmacological
treatments targeting the LRRK2 pathway.” It
is scientifically rationale to target the LRRK2
kinase since increased kinase activity has been
observed in both genetic and idiopathic forms
of PD.’ Various potent LRRK?2 kinase inhibitors
have been developed with different potencies,
selectivity, oral availability and brain penetration
profiles such as MLi-2.2° Although selective with
desired pharmacological properties, MLi-2 was
associated with abnormal cytoplasmic vacuolation
in nonhuman primate lung or accumulation of
hyaline droplets in rat kidney cells in vivo.?’?
Further understanding and improvements on
the small molecules have led pharmaceutical
companies to advance their LRRK2 kinase
inhibitor candidates to enter clinical trials. Still,
none have yet been approved for clinical use.

MLi-2 is a small molecule with an indazole
structure that is widely used as a research
t001.2¢2® In search of novel LRRK2 inhibitors,
we synthesised seventeen 5-phenylindazole
derivatives using MLi-2 as a structural reference.
These small molecules were evaluated for their
ability to reduce phosphorylation levels of LRRK2
pSer935 and Rabl0 pThr73 in the cell-based
assays. Molecular docking was used to understand
the interactions between the 5-phenylindazole
derivatives and the LRRK?2 kinase at the atomic
level.
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METHODS

Synthesis of 5-phenylindazole derivatives 4a-q

5-phenyl-3-aminoindazole (3), the corresponding
carboxylic acid, 1-[bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxid hexafluorophosphate (HATU), N,N-
diisopropylethylamine (DIPEA) and N,N-
dimethylformamide (DMF) were added to a round-
bottom flask. The flask was stoppered and stirred
at room temperature; was the reaction progress
was monitored by thin-layer chromatography
until all the 5-phenyl-3-aminoindazole was
consumed (within 24 hours). Upon completion,
the mixture was poured into ice water to yield a
solid product, which was collected by filtration
and washed with diethyl ether. The product was
further purified by column chromatography using
a gradient of n-hexane/ethyl acetate (4:1 v/v to
1:1 v/v) as eluents.

In silico study

Two-dimensional (2D) structures of
S5-phenylindazole derivatives (4a—q) were
converted to three-dimensional (3D) using
VeraChem (VeraChem LLC, Germantown, MD,
USA). Non-kinase domains and ligands, including
ATP and GDP of the full-length open-inactive
wild-type and G2019S LRRK?2 structure (PDB
ID: 7LHW and 7LI3, respectively) and the
closed-active wild-type LRRK2 kinase model
structure (PDB ID: 5U61), were removed using
PyMOL (Schrodinger, LLC). Mutagenesis was
generated for the closed-active G2019S LRRK2
kinase model structure.

Docking of the 5-phenylindazole derivatives,
MLi-2, and Ponatinib were carried out using
HADDOCK with default parameters, and
their free binding energies were calculated
via PRODIGY.?*® The binding modes and
interactions between the small molecules and
the LRRK2 kinase domain were visualised
using Discovery Studio Visualizer 2021 (DSV)
(Accelrys, San Diego, CA, USA).

Cell culture

Human Embryonic Kidney (HEK293) cells with
either LRRK2-G2019S or LRRK2-WT transfected
via the Flp-In™T-REx™ system (Thermo Fisher
Scientific, Waltham, MA USA) were used, kindly
provided by Professor Dario Alessi from the
University of Dundee, United Kingdom. The cells
were grown in Dulbecco’s modified Eagle medium



(Gibco) with 10% heat-inactivated foetal bovine
serum (Sigma Aldrich), 2 mM L-glutamine (Sigma
Aldrich), 1% penicillin/streptomycin (Gibco),
15 pg/mL Blasticidin S (Gibco) and 100 pg/mL
Hygromycin B (Thermo Fisher Scientific).

MLi-2 and the S-phenylindazole derivatives
were dissolved in dimethyl sulfoxide (DMSO,
Sigma Aldrich). MLi-2 and the 5-phenylindazole
derivatives were diluted to 200 nM and 5,000
nM, respectively, with the cell culture medium.
The HEK293 cells were treated with 1 pg/mL
doxycycline (Sigma Aldrich) to induce LRRK2-
WT and LRRK2-G2019S expression. After 24
hours of doxycycline treatment, cells were treated
with 5-phenylindazole derivatives for 90 minutes.

After treatment, cells were lysed in ice-cold
lysis buffer. Lysates were centrifuged at 14,000
rpm at 4°C for 15 minutes. The supernatants were
collected and quantified using Bradford assay.
Samples were prepared to a concentration of 4
pg/ul with 4xLaemmli buffer and lysis buffer,
followed by heating at 95°C for 4 minutes and
stored at -20°C.

Western Blot

Gel electrophoresis was conducted at 110 Volts
followed by wet transfer to the PVDF membrane
at 100 Volts for 120 minutes for LRRK2, and
90 minutes for Rab10 on ice. The transferred
membranes were blocked with 5% non-fat skim
milk in Tris-buffered saline with 0.1% Tween® 20
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(TBST). After blocking, membranes were washed
with TBST followed by incubation in the respective
primary antibodies at 4°C overnight. Following
primary antibodies incubation, membranes were
washed before incubating with the respective
secondary antibodies at room temperature for
1 hour. Membranes were washed again before
imaging with ChemiDoc XRS+ imaging system
with Image Lab software (BioRad), visualised
using enhanced chemiluminescence. Protein bands
were quantified using ImagelJ.*!

Statistical analyses

Quantified immunoblotting data were presented
as the mean =+ standard error of mean. For the
statistical analyses, Kruskal-Wallis with post
hoc Dunn’s test and Benjamini-Hochberg false
discovery rate correction were performed using
IBM SPSS Statistics for Windows, version 29
(IBM Corp., Armonk, N.Y., USA).

RESULTS

Chemistry

Seventeen 5-phenylindazole derivatives were
prepared using the general synthetic methods shown
in Figure 1. Briefly, the reaction of commercially
available 5-bromo-2-fluorobenzonitrile 1 with
hydrazine provided the 5-bromo-3-aminoindazole
2 in 90% yield.* Suzuki coupling of 2 with phenyl
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Figure 1. Synthesis of 5-phenylindazoles 4a—q. Reagents and conditions: (a) hydrazine, n-butanol, reflux, 10 h,
90%:; (b) phenylboronic acid, Pd(dppf)2CI2, Cs2CO3, 1,4-dioxane, 100°C, 8 h, 85%); (c) HATU, DIPEA,

DMEF, rt, 24 h, 55-85%.
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boronic acid afforded 5-phenyl-3-aminoindazole
3 in 85% yield. Subsequent HATU-mediated
amide coupling between 3 and the corresponding
carboxylic acids provided the final products
4a—q in 55-85% yields, all purified by silica
gel chromatography. Their structures were
confirmed by using nuclear magnetic resonance
spectroscopy ('H and *C) and high-resolution
mass spectrometry.™

Biology

Effects of 4a—q in the inhibition of LRRK2
pSer935, total LRRK2, Rabl10 pThr73 and total
Rabl0 in LRRK2-G2019S cells

The positive control, MLi-2 significantly inhibits
Rab10 Thr73 and LRRK?2 Ser935 phosphorylation,
confirming the assay validity (Figure 2). None of
the small molecules significantly modulates total
Rab10 levels (Kruskal-Wallis test, p> 0.05; Figure
2a). While 4n reduced total LRRK2 protein levels
by approaching 40%, this difference did not reach
statistical significance after correcting for multiple
comparisons (Benjamini-Hochberg correction,
p > 0.05; Figure 2b). Furthermore, none of the
5-phenylindazole derivatives inhibited LRRK2
pSer935 and Rab10 pThr73 phosphorylation in
the LRRK2-G2019S cells (Kruskal-Wallis test, p
> (.05; Figure 2c¢).

Effects of 4a—q in the inhibition of LRRK2
pSer935, total LRRK2, Rabl0 pThr73 and total
Rabl10 in LRRK2-WT cells

There is no discernible decrease in the levels
of total Rab10 protein in the LRRK2-WT cells
(Figure 3a), but a marked decrease in total LRRK2
protein levels exceeding 40% was observed with
4e, 4f and 4h (Benjamini-Hochberg correction, p >
0.05; Figure 3b). Notably, 4h, 41, 4n and 40 were
observed to inhibit Rab10 pThr73 phosphorylation
slightly over 25% and they did not show any
inhibition of LRRK2 pSer935 phosphorylation.
However, these effects were not statistically
significant in LRRK2-WT cells (Kruskal-Wallis,
p > 0.05; Figure 3c).

In silico

Molecular docking experiments were conducted
to predict the optimum protein-ligand binding and
their binding free energy (AG . . )to assess the
thermodynamic feasibility of the protein-ligand
interaction in nature.*® The more negative the
AG the more thermodynamically possible

prediction’

for the protein-ligand interaction to occur. The
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small molecules 4a—q form stable complexes with
the LRRK?2 kinase, exhibiting binding free energy
like MLi-2, ranging from -7.3 to -8.8 kcal/mol
(Supplementary Table 1). Among the seventeen
derivatives, fourteen exhibited better AGlDrC siction
with both the open-inactive (DY G-out) LRRK2-
G2019S and LRRK2-WT kinases than those
observed with MLi-2. (Supplementary Table 1).

Despite the lack of significant activity in
dephosphorylating Rab10 pThr73, 4h, 4i, 4n, and
40 exhibited favourable AGpre dieiion With the LRRK2
kinase open-inactive conformation. The binding
energies of 4h with the open-inactive (DY G-out)
and closed-active (DYG-in) conformations of
LRRK2 kinase are comparable (-8.2 and -8.3 kcal/
mol, respectively, for LRRK2-G2019S, and -7.9
and -8.3 kcal/mol, respectively, for LRRK2-WT;
Supplementary Table 1). Despite the minimal
differences, 4h forms stable interactions with
the open-inactive conformation through various
bonds (Figure 4a). 4i demonstrated better binding
affinity with the open-inactive conformation
(-8.3 kcal/mol for LRRK2-G2019S and -8.1
kcal/mol for LRRK2-WT) compared to MLi-2
while forming an unfavourable bond at Ala81
(corresponding to Alal950 in the open-inactive
LRRK2 kinase structure) in the closed-active
(DYG-in) conformation. This unfavourable
interaction further supports 4i’s selectivity for
the open-inactive conformation. Similarly, 4o
exhibited stronger binding to the open-inactive
conformation (-8.5 kcal/mol for LRRK2-G2019S
and -8.1 kcal/mol for LRRK2-WT) relative to
MLi-2 (-7.6 and -7.8 kcal/mol, respectively). Also,
it formed an unfavourable bond at Ala81 in the
closed-active conformation. On the other hand,
small molecule 4n displayed superior binding to
both the open-inactive (-8.5 and -8.0 kcal/mol for
LRRK2-G2019S and LRRK2-WT, respectively)
and the closed-active (-8.7 kcal/mol for LRRK2-
G2019S) conformations compared to MLi-2,
forming stable interactions with both states.

All 4a—q mimics the interactions observed
with MLi-2 in the LRRK2 kinase. Ala1950 and
Leu2001 (corresponding to Ala81 and Leul32 in
the closed-active LRRK?2 kinase structure) were
found interacting with 4a—q and MLi-2. Based
on their favourable binding to the open-inactive
LRRK2 kinase conformation, we continued to
investigate the interactions of 4h, 4i, 4n and 40
with LRRK2 kinase. Figure 4 shows the 2D and
3D interactions of the four small molecules with
the open-inactive (DY G-out) LRRK2-WT kinase.
Hydrogen bonds were formed with Argl1957 for
4h, Ser1889, Ala1950, Gly1953 and Arg1957 for
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Figure 2. Screening of the seventeen 5-phenylindazole derivatives in LRRK2-G2019S cells. (a) Representative
immunoblots of Rab10 pThr73, Total Rab10 and Vinculin, the housekeeping protein of choice. (Bottom
panel) Quantified immunoblotting data are presented as ratios of Total Rab10/Vinculin, normalized to
respective control (CTR) values. (b) Representative immunoblots of LRRK2 pSer935, Total LRRK2
and Vinculin. (Bottom panel) Quantified immunoblotting data are presented as ratios of Total LRRK2/
Vinculin, normalized to respective CTR values. (c) Relative phospho-protein signal of Rab10 pThr73
and LRRK?2 pSer935 ratio to their respective total proteins in LRRK2-G2019S cells. Data presented are
normalized to respective CTR values. Data are presented as mean =+ standard error of mean from three
biological independent experiments, as indicated in the data points. Dashed lines segment the graphs

into corresponding blots.

41, Gly1953 and Ser1954 for 4n, and Asp1887 and
Arg1957 for 40. Aside from the hydrogen bonds,
several alkyl, pi-pi, pi-alkyl, pi-cation, pi-sigma
and Van der Waals interactions were observed
(Figure 4).

Preferential targeting of the open-inactive
(DYG-out) conformation by 4h, 4i, 4n, and 4o

suggests their potential as type II LRRK2 kinase
inhibitors. The superposition of these four small
molecules with the type II inhibitor, Ponatinib
shows that these small molecules bind only at the
LRRK2 kinase active site and not at the extended
allosteric site where the type II kinase inhibitor
occupies (Figure 5).* This is likely because of
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Figure 3. Screening of the seventeen 5-phenylindazole derivatives in LRRK2-WT cells. (a) Representative

immunoblots of Rab10 pThr73, Total Rab10 and Vinculin, the housekeeping protein of choice. (Bottom
panel) Quantified immunoblotting data are presented as ratios of Total Rab10/Vinculin, normalized to
respective control (CTR) values. (b) Representative immunoblots of LRRK2 pSer935, Total LRRK2
and Vinculin. (Bottom panel) Quantified immunoblotting data are presented as ratios of Total LRRK2/
Vinculin, normalized to respective CTR values. (c) Relative phospho-protein signal of Rab10 pThr73
and LRRK2 pSer935 ratio to their respective total proteins in LRRK2-WT cells. Data presented are
normalized to respective CTR values. Data are presented as mean + standard error of mean from three
biological independent experiments, as indicated in the data points. Dashed lines segment the graphs
into corresponding blots.

the smaller size of 40, 4i, 4h, and 4n (327.38 ¢/ DISCUSSION

mol, 337.37 g/mol, 341.41 g/mol, and 339.39
g/mol, respectively) compared to other type II
kinase inhibitors like Ponatinib (532.60 g/mol).
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It is challenging for LRRK2 kinase inhibitors
to pass clinical trials due to physicochemical
limitations and unwanted side effects observed
in vivo.2%*3 Therefore, extensive efforts are
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Figure 4. 4h, 41, 4n and 40 have extensive interaction networks. 3D and 2D interaction diagrams of (a) 4h, (b) 41,
(c) 4n and (d) 40 with the open inactive LRRK2-WT (cyan). The small molecules are shown as pink
sticks, amino acids involved in hydrogen bonds are annotated and shown as grey sticks and their bonds
are represented as green dotted lines. Oxygen and nitrogen atoms present in the small molecules and
amino acids are indicated as red and blue sticks respectively. Parts of the open inactive LRRK2-WT
kinase that are blocking the view of the binding site in the 3D interaction diagram are not shown for

clarity.

being made in drug discovery for LRRK2 kinase
inhibitors.

In this study, seventeen 5-phenylindazole
derivatives were synthesised as potential LRRK2
kinase inhibitors. Although these 5-phenylindazole

derivatives were synthesised based on the
backbone structure of MLi-2 (indazole), none
of the small molecules significantly inhibits the
LRRK?2 phosphorylation in both LRRK2-G2019S
and LRRK2-WT cells, as effectively as MLi-2.
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Figure 5. 4h (white sticks), 4i (blue sticks), 4n (green sticks) and 40 (maroon sticks) occupy part of the allosteric
site where the type II kinase inhibitor, Ponatinib (orange surface) binds. Oxygen and nitrogen atoms
present in the small molecules are indicated as red and dark blue sticks respectively. The open inactive
LRRK2 kinase is shown in cyan. Parts of the open inactive LRRK2-WT kinase that are blocking the
view of the binding site are not shown for clarity.

Our in-silico investigations revealed that the
5-phenylindazole derivatives bind at the same site
as the MLi-2 and establish similar interactions
with LRRK2 kinase. All the 5-phenylindazole
derivatives interact with Alal1950 and Leu2001,
which play crucial roles in designing potent
LRRK2 kinase inhibitors. Alal1950 is essential
for forming hydrogen bonds with inhibitors, while
Leu2001 is pivotal for hydrophobic contacts at
the ATP binding site.'*3

Recent work has established that the distinct
binding modes of kinase inhibitors lead to
observable differences in their phosphorylation
profiles. As reported, type I kinase inhibitors
bind to the kinase domain in the closed-
active conformation, while type II kinase
inhibitors maintain the kinase in the open-
inactive conformation.'””> These conformational
transitions account for the differential effects
on key biomarkers. Type I inhibitors promote
the dephosphorylation of LRRK2 Ser935 by
stabilizing the active conformation, which
consequently reduces 14-3-3 binding. Therefore,
they suppress both LRRK2 Ser935 and Rabl0
Thr73 phosphorylation. In contrast, type II
inhibitors suppress Rab10 Thr73 phosphorylation
but do not affect pSer935 levels, as their binding
does not induce the 14-3-3 interaction disruption
seen with type I inhibitors.">*” In our study, 4h,
4i, 4n and 40 induced a non-significant, modest

210

decrease in Rab10 phosphorylation in the wild-
type cells, yet LRRK2 Ser935 phosphorylation
was unaffected. Interestingly, these small
molecules displayed better binding with the
open-inactive (DYG-out) LRRK2 kinase. Taken
together, these data support the classification of
these small molecules as potential type II kinase
inhibitor candidates.

While demonstrating potent LRRK?2 kinase
inhibition, the clinical translation of MLi-2
is hindered by undesirable in vivo off-target
effects.?® The type I kinase inhibitors are ATP-
competitive as they bind to the active site of an
active kinase, whereas type II kinase inhibitors
bind to a less conserved extended allosteric site,
exposed when the kinase is in an inactive state.
Hence, type II kinase inhibitors have better
selectivity toward the target kinase protein than
type I kinase inhibitors.'>**4° In the context of
LRRK2, type I LRRK2 kinase inhibitors are
reported to stabilise the closed-active LRRK2
kinase (DY G-in) and, as aresult, enhance LRRK2
binding to microtubules.'"'* This may cause
perturbation to the intracellular trafficking as the
binding of LRRK2 acts as a roadblock on the
microtubules. In contrast, type II kinase inhibitors
stabilise the open-inactive LRRK2 kinase
(DYG-out) and prevent the binding of LRRK2
to microtubules.”!® Exploring the modification
of potential small molecule into type 11 LRRK2



kinase inhibitor as the next step to improve its
potency, may lead to advantageous properties such
as reducing off-target effects and rescuing the
microtubule-associated intracellular trafficking.

iPD cases comprising approximately 90% of
the overall PD cases, reported increased LRRK2
kinase activity without any LRRK2 mutation.®
Other LRRK2 variants, like G2385R, commonly
found among the Asian population, also increased
LRRK2 kinase activity despite the mutation
positioned at the WD40 domain, outside the
kinase domain.*' Therefore, type Il LRRK2 kinase
inhibitors can be more beneficial than their type
I counterparts, as they can potentially target a
larger population of PD patients.

Although statistically insignificant, a marked
reduction of total LRRK2 protein was seen in
4n in LRRK2-G2019S cells, as well as 4e, 4f
and 4h in LRRK2-WT cells. As LRRK2 has an
impact on PD pathogenesis at both the enzymatic
(kinase) functions and its scaffolding functions,
interests in targeted degradation of LRRK2 as a
therapeutic strategy have recently increased. A
type of protein degrader — proteolysis-targeting
chimera (PROTAC), stimulates the degradation of
the protein of interest via the ubiquitin-proteasome
system.* Liu et al. (2022) had discovered and
characterised a selective, potent and brain-
penetrant LRRK2 PROTAC, whereas Hatcher e?
al. (2023) discovered a degrader molecule based
on the structure of MLi-2 that has high potency
and selectivity for LRRK2. This may overcome
the limitations of type I LRRK2 kinase inhibitors,
resulting in better clinical outcomes. Future
studies should observe the effect of modified
5-phenylindazoles on the degradation of LRRK?2
and the inhibition of phosphorylated LRRK?2 and
Rab10.

Screening 5-phenylindazole derivatives
as potential LRRK2 kinase inhibitors have
several limitations. Notably, 4a-q were used at a
concentration of 5,000 nM, which is much higher
than the 200 nM used for MLi-2. Furthermore,
determining the half-maximal inhibitory
concentration (IC,)) of these derivatives is a
crucial step to investigate. However, despite the
high concentrations, none of these small molecules
effectively inhibited LRRK2 kinase activity,
even when compared to a low concentration
of MLi-2. Therefore, measuring the IC, after
structural optimisation of the 5-phenylindazoles
may be a promising approach towards discovering
potent type II LRRK2 kinase inhibitors. Based
on the known type II kinase inhibitor scaffolds,
modifications can be introduced to enhance

specificity and binding affinity while transitioning
these ligands towards a type II kinase inhibitor
profile. Further optimization efforts, informed by
the interactions identified here, hold promise for
developing more potent and selective LRRK2
inhibitors.
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Supplementary Table 1: Predicted free binding energy (AG
with LRRK?2 kinase

) of 5-phenylindazole small molecules

prediction

A(;pnsdiction (kca]/m()l)
Small ) Ope.n ) Ope-n Clo§ed Clo§ed
molecule inactive inactive active active
LRRK2-G2019S LRRK2-WT LRRK2-G2019S LRRK2-WT
4a -8.4 -8.2 -7.9 -8.2
4b -8.2 -8.1 -7.8 -8.2
4c -8.3 -8.3 -7.9 -8.0
4d -8.5 -7.8 -8.3 -8.1
4e -8.4 -8.3 -8.2 -8.3
4f -8.2 -8.1 -7.9 -7.9
4g -8.6 -8.0 -8.1 -8.0
4h -8.2 -7.9 -8.3 -8.3
4i -8.3 -8.1 -8.0 -8.0
4 -8.7 —7.7 -8.0 -8.2
4k -8.4 -8.2 -8.5 -8.3
41 -8.5 -8.0 -8.2 -8.2
4m -8.8 -84 -8.3 -8.1
4n -8.5 -8.0 -8.7 =7.7
40 -8.5 -8.1 -8.1 -7.8
4p -7.8 -7.9 -7.6 -8.3
4q -7.9 =73 =7.7 -8.1
MLi-2 -7.6 -7.8 -8.3 -8.2
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