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ABSTRACT

LRRK2-IN-1, one of the first selective inhibitors of leucine-rich repeat kinase 2 (LRRK2), was
serendipitously found to exhibit potent anti-proliferative activity in several types of human cancer cells.
In this study, we employed a chemoproteomic strategy utilizing a photoaffinity probe to identify the
cellular target(s) of LRRK2-IN-1 underlying its anti-cancer activity. LRRK2-IN-1 was found to induce
cell cycle arrest as well as cancer cell death through specifically binding to human PCNA (proliferating
cell nuclear antigen) in cancer cells. Our current findings suggest the potential of LRRK2-IN-1 as a
novel pharmacological molecule for scrutinizing cell physiology and furnish a logical foundation for the

future development of therapeutic reagents for cancer.
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INTRODUCTION

Parkinson’s disease (PD) is a devastating neuronal degeneration disorder afflicting ~1% of
people over 60 years of age worldwide.' Mutations and aberrant activity of leucine-rich repeat kinase 2
(LRRK?2), a ~280 kDa multi-domain protein bearing serine/threonine kinase activity, have been
suggested to play significant roles in PD,’ galvanizing much interest in the discovery of LRRK2
inhibitors for the treatment of PD.*® In 2011, significant progress was achieved in this field when
LRRK2-IN-1 and CZC-25146 were established as potent and selective LRRK?2 inhibitors (Fig. 1A).%”
However, while these inhibitors are “selective” within a finite kinome based on high-throughput
screening with purified kinases in vitro, the specificity of these compounds across an extended scope of
proteome (e.g., ADP/ATP-dependent protein interactome, or even the whole proteome) may vary
considerably. For instance, glyoxalase-1, has been shown to be an off-target of CZC-25146 in HelLa
cells.® Also, other pharmacological effects of LRRK2-IN-1 have been reported, including anti-cancer
activity, ocular toxicity, and pro-inflammatory or immunomodulatory activity in neuro-inflammation.”"!
While the primary mechanism of LRRK2-IN-1 have been extensively studied, the molecular target(s)
responsible for its off-target effects, however, have remained elusive, which imposes a realistic obstacle
to translational applications in medicine.

To tackle the above issues, we examined the anti-proliferative activity of LRRK2-IN-1 towards a
series of human cancer cell lines, including Jurkat (lymphocyte), HeLa (cervical carcinoma), HCT116
(colon cancer), MCF-7 (breast cancer), and HepG2 (hepatocarcinoma). As shown in Figure 1B,
LRRK2-IN-1 dose-dependently blunted the growth of these human cancer cells, with efficacy in low
micromolar range in Jurkat cells. Cell cycle analysis revealed that LRRK2-IN-1 markedly increased the
proportion of Jurkat cells in G/M phases (Figure 1C and Figure S4). Because no expression of LRRK2
was detected in Jurkat cells,® there might be additional functional target(s) of LRRK2-IN-1 in this cell
line. Previously, LRRK2-IN-1 has been reported to elicit cell cycle arrest by suppressing DCLK 1 kinase
activity and inhibiting its mRNA and protein expression, which in turn inhibits downstream c-Myc
signaling in colorectal and pancreatic cancer cells.'? However, in human T lymphocyte Jurkat cells, we
found LRRK2-IN-1 inhibits cell proliferation without affecting the expression of DCLK1 and c-Myc

(Figure S5), suggesting the existence of additional target(s).
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Recently, a number of research groups including us have reported the employment of chemical
proteomics in target identification of bioactive small molecules.*™'® In the present study, we combined
AfBPP (affinity-based protein profiling) strategy with multiple molecule/cell-based experiments to
identify the molecular targets as well as mode of actions of LRRK2-IN-1 in Jurkat cells. Proliferating
cell nuclear antigen (PCNA), a processivity factor in cell replication, recruit proteins involved in
chromatin remodeling, DNA repair, DNA replication, and epigenetics,'’ was identified as the potential
off-target of LRRK2-IN-1. Interacting of PCNA by LRRK2-IN-1 offers a unifying mechanism to
explain the anti-proliferative activities of LRRK2-IN-1, which could provide molecular basis for the

development of related anti-cancer reagents.

EXPERIMENTAL METHODS

General Methods. All reagents used for the synthesis were purchased from TCI (Tokyo Kasei
Kogyo, Inc), Sigma-Aldrich (St. Louis, USA), or MedChemExpress (Shanghai, China) and used without
further purification. All recombinant proteins, enzymes, antibodies, and bio-reagents were purchased
from Promega (Madison, USA), Life Technologies (Carlsbad, USA), Abcam (Cambridge, USA),
Thermo Fisher Scientific (Waltham, USA), or Sangon (Shanghai, China). '"H-NMR and "“C-NMR
spectra were recorded on a Bruker Advance ™ 500 ("H: 500 MHz, "*C: 125 MHz) with chemical shifts
in ppm relative to residual D-chloroform (dy 7.26 and oc 77.16) as standard. HR-MS analyses were
performed on a Waters Acquity UPLC tandem with a Q-Exactive™ mass spectrometer (Thermo
Scientific). Confocal studies were performed using a laser scan microscopy Leica TCS SP8 STED 3X.
Proteomic analyses were performed on a Thermo Orbitrap Fusion™ Lumos mass spectrometer (Thermo
Scientific).

Kinase enzyme activity assay. The biochemical ICsy values of LRRK2-IN-1 and LK2-P1 against
LRRK?2 were measured by Invitrogen Adapta® assays. Data analyses were performed with GraphPad
Prism 7.0.

Labeling of recombinant protein. Recombinant LRRK?2 kinase (Merck, Inc.), PCNA (Abcam,
Inc.), or BSA (Sangon Biotech) was diluted to 0.1 mg mL"' in PBS. For inhibitor-competitive reactions
pretreated with LRRK2-IN-1 (100 uM, 10x), MLi-2 (100 uM, 10x) or staurosporine (10 uM) for 30

min, then LK2-P1 (10 uM) was added as indicated for 30 min at on ice. Samples were transferred to 96-
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well plate in a same line and irradiated with UV (365 nm, 8 Watt) on ice for 20 min. Each of 20 pL
protein samples were added with 1% SDS and fresh prepared of Tetramethylrhodamine azide
(TAMRA-N3, 100 uM, Lumiprobe), CuSOq4 (1 mM, Sigma), Tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA, 100 uM, Sigma), and sodium ascorbate (1 mM). The
samples were reacted at 37 °C for 1 hour, then separated by SDS-PAGE gel and detected by a FLA 9000
plus DAGE scanner (Fujifilm). Finally, the gel was visualized by Coomassie blue staining or silver
staining.

Gel-based AfBPP in Jurkat cells. Jurkat cells were incubated respectively with probes or DMSO
at 37 °C (for the enrichment experiment: the cells were treated with Dead-Dayne (10 uM) or LK2-P1
(10 uM), respectively for 3 hours; for the competitive experiment: the cells were treated with LRRK?2-
IN-1 (50 uM) used for competition or DMSO together with LK2-P1 (10 uM) for 3 hours at 37 °C) in
2.0 mL of fresh RPMI-1640 growth medium. After remove the growth medium, the cells then washed
three times with ice-cold PBS, followed by irradiated by a UV lamp (365 nm, 8x3 watt) for 20 min. The
cells were harvested by scraping the cells in ice-cold lysis buffer (50 mM HEPES, pH 8.0, 150 mM
NaCl, 0.1% Triton X-100, 0.1 mM EDTA and cOmplete protease inhibitors). The lysed cells were
centrifuged at 14,000 g for 5 min and the soluble fractions were adjusted to 2 mg mL™" with lysis buffer
containing 1% sodium dodecyl sulfate (SDS, w/v). Click reaction was performed in each sample as
described above.

Mass spectrometry-based AfBPP. The probe incubation and proteome preparation procedures
were same as that of labeling studies mentioned above. Each of 300 puL of proteome sample was mixed
with biotin-N3 (500 uM, Biomatrick Inc.), CuSO4 (1 mM), THTPA (100 uM) and sodium ascorbate (1
mM) for 2 hours at 37 °C. The proteomes were then precipitated with adding CH;OH/CHCI3/H,0: 4/1/2
(v/v) and vortexed for 5 min. After centrifuge at 14,000 g for 3 min, the protein disk was washed with
CH;0H (500 pL), air-dried and re-dissolved in 200 uL of 1% SDS in PBS. 50 pL of Streptavidin
Sepharose High Performance affinity resin (GE Healthcare) were added to each sample and rotated
gently at room temperature for 1 hour. Then the beads were washed sequentially with 1.0 % SDS in
PBS three times, 0.5 M NaCl in PBS three times, 50 mM triethylammonium bicarbonate (TEAB)
containing 4 M Urea two times, and 50 mM TEAB five times. All enriched proteins were subjected to

on beads reduction with 5 mM of dithiothreitol (DTT, 250 uL) at 56 °C for 30 min and alkylation with
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50 mM iodoacetamide (IAA, 250 uL) at 37 °C in dark for additional 30 min. Finally, the beads were
washed three times with 100 mM of TEAB. Bound proteins then were digested by 0.5 pg of trypsin
(Thermo Fisher) dissolved in 30 pL of 50 mM TEAB overnight at 37 °C. All digested peptides were
reacted with TMT-sixplex"™ Isobaric Label Reagent (Thermo Scientific), based on the manufacturer’s
procedures, respectively (TMT®-126 for DMSO treated sample; TMT®-127 for Dead-Dayne treated
sample; TMT®-128 for LK2-P1 treated sample; TMT®-128 for LK2-P1 and LRRK2-IN-1 treated
sample). After desalted by Pierce C18 spin columns, the labeled peptides were diluted in 30 puL of
acetonitrile/H,O/formic acid (v:v:iv = 5%/94.5%/0.5%). All pulldown experiments were performed in
biological triplicates. A volume of 2 puL of peptides was loaded on a Acclaim PepMap100 column (5
pum, 0.3 mm x 5 mm) and eluted on an Acclaim PepMap RSLC column (30 um X% 10 cm).

Protein identification and quantification. ProteinGroups files were used for analysis using
Perseus 1.5.1.6. For all files, proteins falling into the following categories were removed: identified only
by site, reverse, contaminant. Data were matched to annotation data downloaded from Uniprot
(http://www.uniprot.org/) in October, 2017 (proteome ID: UP000005640, total sequence 20230). The
mass spectra raw data were analyzed by Proteome Discoverer 2.1 (Thermo Scientific). TMT-sixplex
(Lys and N-terminal) and carbamidomethyl (Cys, +57.0215 Da) were used as static modifications,
oxidation (Met, +15.9949 Da) was used as a variable modification. Protein ratios were calculated as the
median of all peptide hits belonging to a certain protein. Statistical analysis was performed with
Perseus. TMT ratios obtained from Proteome Discoverer 2.1 were transformed by log,(x), normalized
using Z-score, -logo(p-value) were obtained by a two sided one sample t-test over three biological
replicates. Proteins were ranked according to the sum of the ranking values from TMT ratios and -
logio(p-value) across both experiments (enrichment experiment: LK2-P1/Dead-Dayne, competition
experiment: LK2-P1/LK2-P1+LRRK2-IN-1). Only proteins identified have ratios higher than 4.0 and p-
values less than 0.05 were considered as statistical significant targets.

Binding site identification. 1 pg of recombinant PCNA protein (Abcam, Inc.) in PBS (20 pL)
were incubated with 10 uM of LK2-P1 at 0 °C for 1 hour, followed by irradiated by a UV lamp (365
nm, 8x3 watt) for 20 min. After SDS-PAGE gel separation and reductive alkylation, 0.5 pg of trypsin
(Thermo Scientific) was added and the sample was incubated at 37 °C overnight. The digests were

desalted by Ziptip desalting column (Pierce), dried on a SpeedVac. The dried peptides were diluted in
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20 pL of acetonitrile/H,O/formic acid (v:viv = 5%/94.5%/0.5%) with sonication and analyzed by
Thermo Orbitrap Fusion™ Lumos proteomic mass spectrometer as mentioned above. The mass spectra
data was analyzed by Proteome Discoverer 2.1 (Thermo Scientific). The database used was the protein
sequence of human PCNA (UniprotKB ID: P12004, sequence download date: June, 2017). The search
parameters used were as follows: Trypsin Digestion; carbamidomethyl (Cys, +57.0215 Da), oxidation
(Met, +15.9949 Da), LK2-P1 probe modified residue mass difference 567.29 amu was specified as
variable modification at serine, valine, glycine, arginine, isoleucine, proline, tryptophan, leucine,
phenylalanine, methionine, cysteine, glutamic acid, tyrosine, lysine, histidine, threonine, alanine and
aspartic acid residues. Fragment Mass Tolerance was 0.02 Da, Peptide Mass Tolerance was 10 ppm and
target false discovery rate (FDR) was 1%. Manual verification was performed to ensure confident

peptide identification

RESULT AND DISCUSSION

First, a LRRK2-IN-1-derived photoaffinity probe, LK2-P1 (Figure 2A) was synthesized by
tagging a minimal-sized diazirine-containing clickable handle to the scaffold (Scheme 1).'"* Dead-
Dayne, a negative control probe, was employed to exclude potential non-specific binding proteins.'® In
vitro kinase assays showed LK2-P1 exhibited comparable activity towards LRRK2 as its parent
compound (Figure 2B). Next, we examined the labeling efficiency of LK2-P1 on recombinant LRRK2
proteins. Competition experiment showed that the labeling was indeed activity-based (Figure 2C). Then,
we carried out cell-based assays to examine the anti-proliferative activity of the probe. LK2-P1 inhibited
the growth of Jurkat cells with efficacy similar to that of LRRK2-IN-1 (Figure S6), and also caused cell
cycle arrest in the G,/M phase (Figure S4). Collectively, these results demonstrate that LK2-P1 is
indeed a cell-permeable probe that sufficiently retains LRRK2-IN-1 activity for exploring potential
binding proteins in living cells.

In order to detect the binding protein(s) of LRRK2-IN-1, we performed gel-based labelling
experiments in living Jurkat cells. Cells were incubated with LK2-P1 (10 uM) in the presence or
absence of excess LRRK2-IN-1 (50 uM, 5-fold) as a competitor. To discriminate background proteins
of diazirine-alkyne moiety, an identically designed experiment was added with the control probe Dead-

Dayne (10 uM). After probe incubation and photocrosslinking, Jurkat cells were lysed. The samples
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were coupling to TAMRA-N3 via click chemistry and analyzed by SDS-PAGE gel-based fluorescence
(Figure 3A and Figure S7). Proteins of the size around 35 kDa were labelled predominately (lane 2),
with most of these labelled proteins being able to be abolished with excess LRRK2-IN-1 (lane 3). Probe
labelling of virtually all detected proteins was UV-dependent and few proteins showed up as
photocrosslinker-binders (lanes 1 and 2). Furthermore, intracellular click reaction was applied to
visualize the subcellular localization of LK2-P1. LK2-P1- or Dead-Dayne- (both 10 uM) treated cells.
After UV-crosslinked, fixed and permeabilized, Jurkat cells were conjugated to TAMRA-N3;. In LK2-
P1-treated cells, fluorescent signals were observed in both the nucleus and cytoplasm, while few signals
were observed in Dead-Dayne-treated cells, suggesting the fluorescence represented proteins labeled by
LK2-P1 (Figure 3B).

To identify the cellular targets of LK2-P1, we next performed large-scale pull-down/LC-MS
experiments by quantitative proteomics. Probe-labelled proteomes prepared same as those in gel-based
experiments were conjugated with biotin-N; and enriched by pull-down with streptavidin sepharose
affinity resin. Enriched proteins were processed for on beads tryptic digestion and the digestion products
were labelled with tandem mass tag (TMT) reagents, respectively, followed by mass spectra analysis.
The proteomics experiment was carried out in biological triplicates. To reduce false-positives, identified
proteins were ranked in the corresponding volcano plots as a (log) of enrichment ratio (LK2-P1 versus
Dead-Dayne) as well as competition ratio (LK2-P1 versus LK2-P1 + LRRK2-IN-1) against statistical
significance (log;o p-value). Proteins enriched or competed by a factor > 4 with p-value < 0.05 were
considered hits (Figure 4A, 4B and Tables S1, S2). As shown in Figure 4A and 4B, proliferating cell
nuclear antigen (PCNA), a nuclear protein plays significant roles in DNA synthesis and cell
proliferation, especially in cancerous cells, was identified as the most significant hit in both enrichment
and competition experiments.'” Similar proteomics experiments were repeated in HeLa cells, as shown
in Figure S8, PCNA also significantly targeted, confirms PNCA as the off-target of LRRK2-IN-1
(Tables S3, S4). In-gel competitive photo-labelling experiments provided evidence that PCNA was
specially labelled in both UV- and LRRK2-IN-1-dependent manners (Figure 4C). Enrichment of PCNA
was also confirmed by competition pulldown and immunoblotting experiments as previously described
(Figure 4D). Furthermore, to assess whether PCNA is engaged by LRRK2-IN-1 in living cells, a cellular

thermal-shift assay (CETSA) was also performed to compared the thermal stability of PCNA between
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drug- and DMSO-treated Jurkat cells.”” PCNA was significantly stabilized upon drug treatment in situ
with ATm of 6.7 °C, as indicated by a significant temperature increase required for protein loss by
precipitation compared to DMSO controls (Figure 4E). Collectively, these results confirmed PCNA as a
specific LRRK2-IN-1 binding protein.

Structurally, three monomers of PCNA configured as a hexagonal structure, form a molecular
sliding clamp around the DNA double helix.'” The interior of the clamp interacts with DNA, while the
outer surface of the clamp contains an interdomain connector loop (IDCL), which was a binding area of
many PCNA-interacting proteins.”’ To investigate the binding site of LK2-P1, recombinant PCNA
proteins photo-labelled with LK2-P1 was digested and analyzed by mass spectra.”> The peptide
2B ATPLSSTVTLSMSADVPLVVEYK?** was found to be covalently modified by the probe whose
molecular weight increased by an expected increment (567.29 Da, LK2-P1 with loss of N») relative to
the unmodified peptide fragment. Further analysis of the MS2 spectrum of this peptide localized the
labelling on the side chain carboxyl group of Glu238 (Figure 5SA and Figure S9). Based on the identified
binding site, we then performed molecular docking studies to elucidate the interaction at atomic level.
As shown in Figure 5B and Figure S10, the aminopyrimidine scaffold of LRRK2-IN-1 is in close
proximity of the IDCL domain (residues Glul24-Ile128), a key region responsible for interacting with
binding proteins.”> As a key modulator of DNA synthesis, PCNA specifically binds with two DNA
polymerases, namely DNA polymerases & (Pol d) and € (Pol €), to regulate DNA replication and repair

17. 2324 Therefore, we speculated that LRRK2-IN-1-complexed PCNA becomes relatively

in eukaryotes.
insensitive to the DNA polymerases binding, resulting in the reduction of DNA replication and
synthesis. To verify the hypothesis, proteins immunoprecipitated by antibody of PCNA from both
LRRK2-IN-1- and Dead-Dayne-treated Jurkat cells were subjected to immunoblot analysis by using
respective antibodies. Both DNA polymerases in LRRK2-IN-1-treated cells showed a weakened binding
affinity to PCNA (Figure 5C), suggesting that LRRK2-IN-1 did disrupt the binding between PCNA and
DNA polymerases & and &. Because disruption of PCNA-DNA polymerases interaction has been

2527 \we thus examined the

reported to cause the inhibition of DNA synthesis and hence cell apoptosis,
level of DNA synthesis upon LRRK2-IN-1 treatment by 5-ethynyl-2'-deoxyuridine (EdU) incorporation
assay.”® T2AA, a known PCNA inhibitor, was tested in parallel as positive control.® As shown in

Figure 5D, incorporation of EAU was dose-dependently inhibited by LRRK2-IN-1 and T2AA with ICs
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values of 0.26 uM and 1.63 uM, respectively, validating our discovery. Furthermore, We utilized short
hairpin RNA (shRNA)-based knockdown of PCNA to validate its roles in LRRK2-IN-1-mediated
inhibition of cell proliferation as previously reported.”” Knockdown of PCNA was confirmed by
Western blot (Figure SE), and resulted in an obvious cell cycle arrest in Go»/M phase (Figure SF) which
was similar to that of known small molecules PCNA inhibitors, such as p21 and PCNA-I1."° Taken
together, these results further confirmed LRRK2-IN-1 exhibits its anti-proliferative activity through
binding PCNA and acting as a protein-protein interaction (PPI) inhibitor of PCNA in Jurkat cells,
linking PCNA binding with phenotypic response. MLi-2, a well-known potent and highly selective

LRRK? inhibitor, was used in parallel as validated negative control.**

Both in Gel-based competitive
labelling experiment and cell proliferation assay, MLi-2 did not shown the similar activity in
comparisons with LRRK2-IN-1 (Figure S11). Together these data strongly link PCNA to the cell

proliferation inhibition response to LRRK2-IN-1.

CONCLUSION

So far, diaminopyrimidine scaffold agents have been extensively applied in medicine
chemistry.’'*? However, the high frequency of off-target activity of small molecules could lead to
unanticipated outcomes in drug development programs which seriously hindered the development of
this field.” In the present study, we reported the first proteome-wide profiling of LRRK2-IN-1 in living
cancer cells by using a cell-permeable photoaffinity probe, LK2-P1. With LK2-P1, PCNA was
identified as a potential off-target of LRRK2-IN-1 in Jurkat cells. Accordingly, we carried out multiple
molecule/cell-based experiments to validate PCNA as a specific target of LRRK2-IN-1. We
demonstrated that LRRK2-IN-1 specifically binds PCNA and prevents it from interacting with DNA
polymerases, which reveals a novel mechanism for the anti-proliferative activity of LRRK2-IN-I.
Regardless additional off-targets that could escape the examination with the A/BPP strategy, this work
emphasize the unique inhibitory effect of PCNA on the cell proliferation inhibition of LRRK2-IN-1.
These results should furnish a logical foundation for the future design and development of related kinase

inhibitors as well as anti-cancer agents.
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FIGURE LEGENDS

Figure 1. (A) Structure of LRRK2-IN-1. (B) Cell proliferation assays of LRRK2-IN-1 against human cancer cell lines.

(C) Cell cycle analysis in Jurkat cells after LRRK2-IN-1 (10 uM) treatment, demonstrating robust G,/M arrest.

Figure 2. LRRK2-IN-1 based photo-affinity probe. (A) Structure of LK2-P1 and Dead-Dayne. (B) Dose-dependent
inhibition of LRRK2 by LRRK2-IN-1, LK2-P1 and Dead-Dayne. Values represent the means = S.D. of duplicates in
two independent experiments. (C) Profiles for competition of LK2-P1 labelling with LRRK2-IN-1 (LKI) and
staurosporine (STA, a pan-kinase inhibitor). Probe-labelled proteins were visualized by click conjugation to the
TAMRA-azide tag, SDS gel separation, and fluorescence scanning. The concentration used for LK2-P1 in labeling

experiments was 100 /uM.

Figure 3. Fluorescence labeling of LK2-P1 in Jurkat cells. (A) Gel-based profiling of LK2-P1 labelled in intact Jurkat
cells. (B) Confocal fluorescence imaging of Jurkat cells. The cells were treated with LK2-P1, irradiated by UV light as
indicated, conjugated with TAMRA-N; (red) and stained with the nuclear DNA dye DAPI (4,6-diamidino-2-

phenylindole, blue) (BF, bright field).

Figure 4. Chemoproteomics profiling of LRRK2-IN-1 in Jurkat cells. (A, B) Quantitative mass spectrometry-based
profiling of LRRK2-IN-1 binding proteins in intact Jurkat cells. Green and red dots depict selected targets that are
outcompeted by Dead-Dayne (A) or LRRK2-IN-1 (B) (criteria: logy-fold enrichment > 2 and —log, (p-value) > 1.33).
(C) Competition of LK2-P1 (10 uM) labeling recombinant PCNA (lanes 1-3) and BSA (lanes 4-6), LRRK2-IN-1 at a
concentration 5 folds that of LK2-P1. (D) Preliminary validation of PCNA by PD/WB from LK2-P1 (10 pM)-labelled
Jurkat lysates. The corresponding control experiments were done with DMSO, the negative probe (Dead-Dayne) and
LRRK2-IN-1 at a concentration 5 folds that of LK2-P1 (10xLRRK2-IN-1). (E) Cellular thermal-shift assay (CETSA).
Stabilization of PCNA after incubating cells with LRRK2-IN-1/DMSO, respectively. The band intensity of soluble
PCNA at 47 °C is set at 100%, the band intensity of the remaining soluble protein at different temperatures were
measured, the data were fitted to obtain apparent AT, values using the Boltzmann Sigmoid equation within GraphPad

Prism 7.0.

Figure 5. Validation of PCNA as an off-target of LRRK2-IN-1. (A) MS2 spectrum of LK2-P1-modified peptide with
PCNA protein, (LK2, LK2-P1; O, Oxidation). (B) Docking of LRRK2-IN-1 into the PIP-box of PCNA (PDB ID code:

3WGW). (C) DNA polymerase 6 and € could not be co-immunoprecipitated with PCNA after LRRK2-IN-1 treatment

ACS Paragon Plus Environment

16



Page 17 of 24 Molecular Pharmaceutics

in Jurkat cells. (D) Effects of LRRK2-IN-1 and T2AA on DNA replication in Jurkat cells. The EdU incorporation and
dose dependence of drug treatment were quantified by fluorescent microplate reader. (E) Validation of PCNA
knockdown by Western blot analysis. Cells treated with scrambled shRNA served as a negative control (Scr). (F) Jurkat cells

were transfected with Sh-Scr or Sh-PCNA, and analysed via flow cytometry after 24 h.
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Figure 4

A Enrichment experiment:
Probe/Dead-Dayne

oNOYTULT D WN =

-Log1g p-value (T.Test)

Log,-fold enrichment (LK2-P1/Dead-Dayne)

LK2-P1 B T
2 LRRK2-IN-1 e

TAMRA

26 Coomassie =

uv - + + +
31 Dead-Dayne - + - -
32 LK2-P1  + - + 4+
33 LRRK2-IN-1 - - - +

35 34 kDa - -
36 anti-PCNA

Molecular Pharmaceutics

B Competition experiment:
Probe/competition control

-Log g p-value (T.Test)
o

-2 0 2 4 6
Log,-fold enrichment (LK2-P1/LRRK2-IN-1)

E
Temp. (°C) 47
+ with drug +
- control

35 kDa - | e - - -

50

S+ -

53

+ -

56

+ -

59

+ -

62

+ -

65

+ -

-~ LRRK2-IN-1
-= DMSO

100

5O

Ralative intensity, %

0 T T T T T 1
47 50 53 56 59 62 65

Temperature, °C

60 ACS Paragon Plus Environment

21



oNOYTULT D WN =

Figure 5

100

by
486.25

Relative abundance

PR STEME ADRP REK

1004.50 [Dy1+LK2+OF*-H,0
BAE0 (IR0 ) 133170
64033 73940 [y uae0p | Ly
{ 1202 64

966.49

Molecular Pharmaceutics

[yss+LK2+OF*
1010.00
[y +LK2+OF*
1060.54 [y +LK2)"
i bys+LK2)

141276

[y#+LK2]" i 110355

B Structure of PCNA PIP box

IDCL
domain

“-H,0 i i [ys#LK2)"
4 il LV #LK24OF4 [yatLK2]" ‘626 28
} \ 1304.16 151.‘ 83 ¥ LK2)
’ / i 1786.94
h“hll Ilull il H l 1 il lu l l Il I doer ‘ l }
800 1000 1200 1400 1600 1800
m/z
Sh-  sh-
c n E ShRNA o' pcNa
(3] - LRRK2-iNN-1 24 0o [T
Input P -+ T2AA “w - | «qanti-PCNA
90 LRRICZiN1 = 37 kDa E <€ anti-GAPDH
g
130 kDa - i. w @ antiONAPoI5 B F Sh-Scr Sh-PCNA
& G 318%  * Gy 32.4%
20 kDa - £ ' / S:52.9% 2 $:29.0%
~— < antiDNAPole 2 < G/M: 153% G,/M: 38.6%
i £ £
35 kDa - 23 3s

-— — e -‘4 anti-PCNA

O-Lrrremy b -
0.001 0 01 0 1 10
Concentration (pM)

ACS Paragon Plus Environment

» ® w0 w

Channels (P1-A)

W o ue e

Page 22 of 24

22



Page 23 of 24 Molecular Pharmaceutics

SCHEME

Scheme 1. Synthesis of LK2-P1. Reagents and conditions: (a) 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDCI), 1-Hydroxybenzotriazole (HOBt), N, N-Diisopropylethylamine (DIPEA), DMF, 0°C to rt, 12 hr,

oNOYTULT D WN =

85%; (b) dicyclohexylphosphio-2’,4’,6’-tri-isopropylbipheny (X-Phos), tris(dibenzylidene-acetone)dipalladium
(Pds(bda)s), K,COs, t-BuOH, 100°C, 4 hr, 40%; (c) 1. TFA, DCM, tt, 1 h, 100%; 2. 3-(but-3-yn-1-yl)-3-(2-iodoethyl)-

12 3H-diazirine, K,CO;, DMF, 50°C, 12 hr, 50%.
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