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Abstract

ABHD12 is a membrane-bound hydrolytic enzyme that acts on the lyso-phosphatidylserine (lyso-
PS) and lyso-phosphatidylinositol (lyso-PI) classes of immunomodulatory lipids. Human and
mouse genetic studies point to a key role for the ABHD12-(lyso)-PS/PI pathway in regulating
(neuro)immunological functions in both the central nervous system and periphery. Selective
inhibitors of ABHD12 would offer valuable pharmacological probes to complement genetic
models of ABHD12-regulated (lyso)-PS/PI metabolism and signaling. Here, we provide a detailed
description of the discovery and activity-based protein profiling (ABPP)-guided optimization of
reversible thiourea inhibitors of ABHD12 that culminated in the identification of DO264 as a
potent, selective, and /n vivo-active ABHD12 inhibitor. We also show that DO264, but not a
structurally related inactive control probe (S)-DO271, augments inflammatory cytokine production
from human THP-1 macrophage cells. The /n vitro and in vivo properties of DO264 designate this
compound as a suitable chemical probe for studying the biological functions of ABHD12-(lyso)-
PS/P1 pathways.
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Introduction

Lysophospholipids represent an important class of signaling lipids that impact diverse
physiological and disease processes'—2. Prominent lysophospholipid transmitters include
lysophosphatidic acid (lyso-PA)3 and sphingosine 1-phosphate (S1P)*. These bioactive
lipids have cognate receptors, mostly from the G-protein-coupled receptor (GPCR) category,
and small-molecule modulators of these receptors have been clinically advanced to treat, for
instance, immunological disorders®. The magnitude and duration of lysophospholipid action
are controlled by specific sets of biosynthetic and degradative enzymes®-5, and these
enzymes offer additional targets for pharmacological control over lysophospholipid
pathways.

In recent years, other bioactive lysophospholipids, such as lysophosphatidylserine (lyso-PS)
and lysophoshatidylinositol (lyso-PI), have emerged as signaling molecules that act on
distinct subsets of GPCRs’~9, as well as possibly other receptor typesl®. Our current
understanding of the physiological functions of lyso-PS and lyso-Pl is limited and would
benefit from selective chemical probes to perturb these lipid pathways /n vivo. This
challenge can be addressed, in part, by developing synthetic agonists and antagonists of the
lyso-PS/PI receptors1—13, As noted above, however, an attractive and complementary
strategy would be to create inhibitors of the enzymes that produce or inactivate lyso-PS/PI.

In the course of attempting to understand the biochemical basis for rare, monogenic
disorders of the central nervous system (CNS) caused by deleterious mutations in enzymes
from the serine hydrolase family, we discovered that ABHD12 (a./B-hydrolase domain-
containing 12), loss-of-function mutations in which cause the neurological disease PHARC
(Polyneuropathy, Hearing loss, Ataxia, Retinitis pigmentosa and Cataract; MIM
612674)14-15 is a principle lyso-PS/PI lipase in mammals. Mice with targeted disruption of
the Abhd12 gene show elevated lyso-PS/PI, as well as increased polyunsaturated (C20:4)
PS, content in the CNS16. These mice also display a subset of PHARC-like abnormalities,
including auditory and motor control deficiencies, which emerge later in life (~10-18 mo)
and are accompanied by brain microgliosisi®, suggesting that PHARC may have an
immunological underpinning. Also consistent with this premise, ABHD12 is highly
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expressed in innate immune cells (macrophages, microglia) and several lyso-PS receptors
also show restricted expression to the immune system17-18,

To better understand the contributions of the ABHD12-(lyso)-PS/PI pathway to
neuroimmunological processes, we recently reported the discovery of a selective and /n
vivo-active inhibitor of ABHD1219, This compound termed DO264, an A-3-pyridyl-A—4-
piperidinylthiourea, appears to act as a reversible, competitive inhibitor of ABHD12, while
showing negligible interactions with other serine hydrolases as determined by activity-based
protein profiling (ABPP)19. We found that DO264-treated mice displayed elevations in brain
lyso-PS/P1 and C20:4 PS lipids, but did not exhibit the auditory defects observed in
ABHD12-/- mice, even following four weeks of inhibitor treatment. On the other hand,
both DO264-treated and ABHD12—-/— mice exhibited heightened immunological responses
to lymphocytic choriomeningitis virus (LCMV) clone 13 infection in mice, supporting an
immunomodulatory function for the ABHD12-(lyso)-PS/PI pathway.

Here, we provide a detailed account of the identification, synthesis, and structure-activity
relationship (SAR) of A-3-pyridyl- /A —4-piperidinylthiourea inhibitors of ABHD12 that led
to the discovery of DO264, as well as a structurally related inactive control probe (S)-
DO271. We also describe the development of a tailored activity-based probe for ABHD12 —
the A-hydroxyhydantoin (NHH)-carbamate JJH350 —that serves as a versatile target
engagement tool for monitoring ABHD12 activity and inhibition /n vivo.

Exploration of NHH-carbamates furnishes JJH350 as a tailored activity-based probe for

ABHD12.

We previously described a chemical proteomic assessment of NHH-carbamates as
irreversible inhibitors of serine hydrolases20. A subset of these compounds showed reactivity
towards ABHD12 (e.g, JJH329 (1), IC5g = 0.32 uM, 95% CI = 0.24-0.41 uM), with a
notable dependency on a key amide linker (X, Fig. 1A) appended to the NHH piperazine
leaving group, without which compounds displayed negligible ABHD12 activity up to 10
UM (e.g., ABC34 (2); Figure 1A). JJH329 also showed good selectivity as assessed in mouse
brain proteome by gel-based ABPP21-22 ysing the broad-spectrum serine hydrolase-directed
probe fluorophosphonate-rhodamine (FP-Rh)23, where ABHD6 was observed as the only
off-target (Figure 1B). While ABHD12 activity can be monitored by gel-based ABPP using
FP-Rh in mouse brain, we found that detection of this enzyme was challenging in other
mouse tissues due to overlapping signals from co-migrating serine hydrolases!®. We
therefore appended an alkyne handle to JJH329 to furnish an ABHD12-directed activity-
based probe JJH350 (3) (Figure 1A, B; IC5p = 0.40 uM, 95% CI = 0.25-0.62 pM) which
enabled direct visualization of ABHD12 by gel-based ABPP following conjugation to an
azide-rhodamine reporter group?4 using copper-catalyzed azide-alkyne cycloaddition
(CuAAC), or click, chemistry?> (Figure 1C). ABHD12 (as well as ABHDS6) could be clearly
visualized in mouse brain proteome across a concentration of 0.4-10 pM of JJH350 (Figure
1C). We then used JJH350 as a target engagement probe to assess the in vivo activity of
JIH329, which revealed that JJH329 (30 mg/kg, i.p.) produced only marginal inhibition of
ABHD12 in mice (Figure S1). Additional optimization efforts did not lead to the
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identification of NHH-carbamates that showed better potency /7 vivo (data not shown). We
therefore focused on identifying a new chemotype for ABHD12 inhibitors.

Identification of a thiourea class of ABHD12 inhibitors by structural reassignment of the
screening hit AW01275.

We pursued new chemotypes for ABHD12 inhibition by high-throughput screening (HTS)
using a fluorescent-coupled substrate assayl®, and, from the Maybridge HitFinder™ library
containing ~16,000 compounds, we identified a putative hit, the thiosemicarbizide AW01275
(4, Figure 2A)19. This compound also inhibited lyso-PS hydrolysis activity of ABHD12 with
an I1Csq value of 1.3 uM19 and blocked the labeling of ABHD12 by JJH350 with an ICsq
value of 1.2 uM (95% CI = 0.96-1.4 uM) (Figure 2B). Surprisingly, however, our chemically
resynthesized stock of AW01275, termed DO127 (5) (Figure 2A), did not show any
ABHD12 inhibitory activity as measured with a lyso-PS substrate assay (Figure S2) or by
gel-based ABPP (Figure 2B). We found that the *H NMR and ESI-HRMS of commercial
AWO01275 did not match the analytical data for DO127 (Figure 2A). In the course of
exploring candidate alternative structures, we discovered that a thiourea analogue DO129 (6)
(Figure 2A) exhibited ABHD12 inhibitory activity (Figure 2B) and peaks in the aliphatic
region of the TH-NMR that were similar to those of commercial AW01275 (Figure 2A). We
furthermore noted that the 13C NMR spectrum for commercial AW01275 showed a distinct
quadruplet (coupling constant = 270.0 Hz) peak indicative of the presence of a CF3 group
(Figure S3). Based on these observations, we speculated that the correct structure of
AW01275 was the thiourea DO130 (7) (Figure 2A), which we subsequently found to display
identical 1H NMR, HRMS, and ABHD12 inhibitory activity as commercial AW01275
(Figure 2A and B). X-ray crystallographic analysis of commercial AWO01275 confirmed its
structural identity as DO130 (Figure 2C). Notably, unlike the irreversible inhibitor JJH350,
DO0130 did not show time-dependent inhibition of ABHD12 (Figure 3), indicating that this
compound and related thioureas act as reversible inhibitors of ABHD1219,

SAR analysis of the N-pyridyl thiourea and piperidine core of ABHD12 inhibitors.

We next set out to optimize DO130 and gain a deeper understanding of structural features
that contribute to ABHD12 inhibitory activity. These initial investigations of SAR are
summarized in Table 1. Given possible concerns of thioureas as potential toxicophores26, we
first replaced this group with a urea (8), but this change resulted in a substantial loss in
activity. Next, we explored analogs of the 3-aminopyridine group (R1), finding that
methoxy-substitution (9) and conversion to 3-amino-quinoline (10) or 1,2,3,4-
tetrahydroquinoline (11) also resulted in diminished potency towards ABHD12 (Table 1A).
The phenyl analogue 12 retained some ABHD12 inhibitory activity, albeit slightly lower
than that of DO130.

We next focused our attention on the SAR of the piperidine ring system (Table 1B).
Repositioning the exocyclic amino group of DO130 to the 3-position (13) abolished
ABHD12 inhibitory activity, while replacing the piperidine with smaller (5-membered (14))
or larger (7-membered (15)) ring systems resulted in near-complete loss (14) or substantial
reductions (15) in potency. Acyclic analogs (16-19) with varying linker lengths (C3-6) were
also tested and, while several displayed modest activity, none were as potent as DO130. N-
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methyl substitution of the exocyclic amino group (20) also weakened ABHD12 activity.
Finally, we replaced the piperidine core with 8-azabiocyclo[3.2.1]octane (21) to test if
conformational constraint might promote ABHD12 inhibition. Like all other deviations from
the piperidine system, this too impaired ABHD12 activity relative to DO130. Together, these
results demonstrated the importance of the 3-pyridylthiourea and 4-aminopiperidine
moieties found in DO130 for ABHD12 activity and suggested a low tolerance to
modification in these regions.

Exploration of pyridine substituent effects.

In pursuit of ABHD12 inhibitors with enhanced potency, we next explored structure-activity
relationships of the distal pyridine group (Table 2). The importance of the CF3 group was
apparent, as its removal (22) abolished ABHD12 activity up to 5 pM. On the otherhand,
removal of the CI group (23) resulted in only a small loss in potency. A CF3 group ring scan
revealed the 4- and 6-positions (24 and 26) were favorable for ABHD12 blockade relative to
5- and 3-positions (23 and 25), leading to the first sub-micromolar inhibitors in this series.
The synthetic accessibility of 4-substituted pyridines led us to further explore this position
over the 6-substituted analogs, which demonstrated comparable activity. Maintaining the
CFj3 in the 4-position, we next scanned a CI group across the remaining three positions of the
pyridyl ring (27-29), finding 3-CI substitution (28) to further enhanced potency (ABHD12
ICsp = 300 nM).

We then wondered if the CF3 group in the 4-position could be replaced to gain additional
potency. Substituting the 4-CF3 group with a chlorine (30) modestly decreased (~3-fold)
ABHD12 inhibitory activity, while conversion to a methoxy group (31) had an even more
deleterious effect. Interestingly, elaborating the 4-position with alkoxyl, benzyloxy, and
phenoxy groups furnished a set of compounds (32—35) with superior activity to the 5-
methoxy analog (31) and revealed a scaffold trajectory that tolerated large substitutuents to
potentially enhance potency. Given the superior ABHD12 inhibition of phenoxy analogue
35, we introduced substitutents to the 4-position of the distal phenyl group and observed that
while a methoxy group slightly impaired activity, fluoro (37) and especially OCF3 (38)
groups increased potency.

Identification of DO264 as a potent and selective ABHD12 inhibitor.

Having discovered that introducing an additional CI group at the 3-position of the pyridine
ring of 24 (28) or replacing the CF3 group of 24 with a 4-OCF3-phenyl group (38) improved
ABHD12 inhibitory activity, we wondered if these positive effects would be additive when
combined into a single compound. Indeed, the hybrid compound 39 displayed dramatically
increased ABHD12 inhibitory activity (> 10-fold) comparing to 28 or 38 (Table 3).
Conversion of the CI group of 39 to a methyl group (40) did not alter potency, but
substitution at this position with a CN (41) or CF3 (42) group reduced ABHD12 inhibitory
activity, indicating that the CI group contributed to potency primarly through a steric rather
than electron withdrawing effect. The regioisomers of 39 bearing 3-OCF3 (43) or 2-OCF3
(44) groups showed ~3-4-fold lower potencies. Finally, introduction of a Cl group at the 2-
position, but not the 3-position (45), of the distal phenyl provided another two-fold increase
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in inhibitory activity to furnish DO264 (46), a highly potent (IC5o = 11 nM) ABHD12
inhibitor

In the course of our SAR studies, we noted that compound 13 bearing a 3-aminopiperidine
in place of the 4-aminopiperidine showed dramatically reduced ABHD12 inhibitory activity
(Table 1B and Table 4). We capitalized on this observation to generate (S,R)-D0O271 (47)
(Table 4 and Figure 4), which showed an ~10,000-fold reduction in potency for ABHD12
inhibition compared to DO264. We found that (S)-DO271 (48) was less active than (R)-
DO271 (49) (Table 4 and Figure 4), and therefore designated (S)-DO271 as an inactive
control probe for biological studies. While it may seem surprising that neither enantiomer of
DO271 appeared more potent than the racemate, we believe that this reflects the technical
challenge of accurately measuring such weak 1Csq values (> 50 uM), especially as high
concentrations of compound may approach their solubility limit.

ABPP studies of DO264 (46) and other representative (thio)urea inhibitors of ABHD12
confirmed that these compounds show excellent selectivity over other serine hydrolases
(Figure 5)19, including phosphatidylserine lipases, such PS-PLA127 and ABHD16A28, that
contribute to lyso-PS production and the PLA1-type Pl lipase DDHD1 involved in lyso-Pl
production?. We also confirmed the activity and selectivity of DO264 in vivo, where the
compound was found to produce substantial elevations in brain lyso-PS/PI and C20:4 PS
content in micel.

ABHD12 inhibition modulates cytokine production in human THP-1 cells.

Considering that ABHD12 is highly expressed in macrophages and microglial’18, and that
genetic or pharmacological perturbation of ABHD12 produces heightened
(neuro)immunological phenotypes in micel6:19. 28 e next tested whether DO264 affected
cytokine production using the human monocyte THP-1 cell line as a model system. THP1
monocytes were first treated with phorbol 12-myristate 13-acetate (PMA) to produce resting
macrophages characterized by changes in morphology and increased cell surface expression
of CD11 and CD143%-32_ Cells were allowed to rest for 24 h followed by polarization to the
M1 stage with lipopolysaccharide (LPS) and IFN-y. Each cell treatment step was performed
in the presence of either DO264, DO271, or DMSO (Figure 6A). Consistent with previous
studies of peritoneal macrophages from ABHD12(—/-) mice, which showed elevated TNF-a
and IL-1p both basally and in response to LPS treatment28, the DO264-treated, but not
DO271-treated, M1 stage THP-1 macrophages showed concentration-dependent increases in
these cytokines (Figure 6B). The levels of inflammatory chemokines — CCL3 and CCL4 -
were also elevated by DO264, but not DO271 (Figure 6B). Importantly, these cytokine/
chemokine changes occured across a concentration range of DO264 that produced complete
inhibition of ABHD12 and increases in lyso-PS/20:4 PS content in THP-1 cells. In the
course of these studies, we noticed that higher concentrations of DO264 (= 5 uM) impaired
the viability of THP1 cells (Figure S4). Since full engagement of ABHD12 is observed at
lower concentrations of DO264 (1 pM)19, we believe that the cytotoxic effect is not due to
inhibition of ABHD12, but rather another (as of yet) unidentified mechanism. We tested
DO264 in a broader panel of cell lines and found that individual lines showed variable
degrees of sensitivity to the compound, but all of the cell lines could be treated with DO264
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at 1 uM without displaying cytotoxicity (Figure S4). These data indicate that cellular studies
performed with DO264 should not use greater than 1 uM of the compound, which is
sufficient to fully inhibit ABHD1219 without causing cytotoxicity. Finally, we should also
note that the total exposure levels of DO264 can reach 3-9 uM in the periphery and brain of
mice (30 mg/kg DO264, p.o. or i.p. dosing), without overt signs of toxicity, even following
treatment with the compound for several weeks!®. This may indicate a much lower free
fraction of DO264 at pharmacologically relevant doses or that the cytotoxicity observed for
this compound in culture is not representative of the compound activity /n vivo.

Conclusion

We have described herein an ABPP-guided medicinal chemistry program that culminated in
the development of the first potent, selective, and /n vivo-active inhibitors of ABHD12, an
enzyme responsible for hydrolyzing bioactive lyso-PS/PI lipids. We have shown that this
compound, termed DO264, elevates lyso-PS/PI and C20:4 PS lipids in human cells and brain
tissue of treated micel®. We also found that DO264-treated mice, as well as ABHD12(—/-)
mice, show exacerbated immune responses to LCMV infection that included heightened
chemokine production Jn vivo!®. Consistent with a role for the ABHD12-(lyso)-PS /Pl
pathway in regulating immune cell activity, we found in this current study that DO264-
treated THP-1 macrophages showed heightened cytokine production. In future studies, it
will be important to determine the specific (lyso)-PS/PI lipids and receptors involved in
mediating the heightened immunological outcomes of ABHD12 blockade.

From a methodological perspective, the discovery of DO264 underscores the utilty of ABPP
for developing not only irreversible, but also reversible inhibitors of serine hydrolases, which
may be broadly underappreciated, despite past examples of success?l: 33, Our program
further benefited from the use of both general (FP-based) and tailored (JJH350) activity-
based probes that enabled rigorous assessment of target engagement and selectivity for
ABHD12 inhibitors, as well as the discovery of structurally related compounds that do not
inhibit ABHD12 and can accordingly serve as inactive control probes (e.g., (S)-DO271).
The toolbox of ABHD12-directed inhibitors and activity-based probes described herein
should facilitate the pharmacological characterization of (lyso)-PS/PI pathways in
mammalian biology and disease.

Chemistry

The synthesis of A-hydroxyhydantoin carbamates 1 and 3 from commercially available
piperazine 50 has been previously described (Scheme 1, ref 19 and 20). We used a similar
route to prepare carbamate 2 where the common piperazine intermediate (51) was subjected
to amide coupling conditions with 4-phenoxybenzoic acid.

To prepare thiocarbamates 5-7, methyl- or trifluoromethyl-chloropyridines (53 or 54,
respectively) underwent 2-chloro substitution reactions with appropriate piperazines and
piperidines by either a Cu-promoted amine cross-coupling (55 and 56) or SnAr reaction (57)
(Scheme 2). Boc-deprotection of 56 and 57 followed by reaction of the resultant primary
amines with pyridine-3-isothiocyanate gave thioureas 6 and 7. To prepare semithiocarbazide
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5, the Boc group of piperazine 55 was first removed with HCI and the piperazine
nitrosylated with NaNO,. Subsequent nitroso reduction of 58 furnished hydrazine 59 which
was then treated with pyridine-3-isothiocyanate to provide 5 (DO127) in 55% yield over two
steps.

Analogs of DO130 featuring various 3-pyridylthiourea modifications each were accessible
from common piperazine intermediate 57 (Scheme 3). Following Boc-deprotection of 57,
thioureas 8-11 were prepared by either treating the free amine with O-phenyl
chlorothionoformate and the indicated aromatic amines or, in the case of thiourea 8, reacting
the amine directly with pyridine-3-isothiocyanate. Similarly, urea 12 was synthesized
through coupling deprotected 57 with pyridine-3-isocyanate.

Thioureas 13-31 with varying amine cores and pendant substituted pyridines were all
prepared in a similar manner outlined Scheme 4. Chloropyridines 54 and 60a—60j were
coupled with the appropriate Boc-protected diamines to give intermediates 61a—61s and
subsequently deprotected. As described for previous analogs, the final thioureas (13-31)
were obtained through treatment of the free amines with pyridine-3-isothiocyanate. For
access to 4-alkoxy or 4-phenoxy substituted pyridines 67-81, 2,4-dichloro or 2-chloro-4-
fluoro pyridines were subjected to SnAr conditions in the presence of various alcohols and
phenols which primarily displaced the halogen at the 4-position (Scheme 5). The remaining
chloro group in the 2-position was displaced with tert-butyl(piperidin-4-yl)carbamate using
similar SnAr conditions to provide 82-96. Finally, thioureas 32—46 were obtained following
Boc-removal and coupling with pyridine-3-isothiocyanate. Inactive control compounds
47-49 were similarly prepared from 2-chloropyridine 79.

Experimental Section.

Chemistry General Information.

All chemical reagents were obtained from commercial suppliers and were used without
further purification. Merck silica gel TLC plates (0.25 mm, 60 F254) were used to monitor
reactions. Flash chromatography was performed using SiliaFlash F60 silica gel (40-63 pm,
60 A). NMR spectra were recorded at room temperature on Bruker DRX-600 spectrometer
at 600 (*H) and 150 (3C) MHz using CDCl5 as solvent, unless stated otherwise. Chemical
shifts are recorded in ppm relative to tetramethylsilane (TMS) with peaks being reported as
follows: chemical shift, multiplicity (s = singlet, brs = broad singlet, d = doublet, t = triplet,
g = quartet, m = multiplet), coupling constant (Hz). High-resolution mass spectra (HRMS)
were obtained on an Agilent LC/MSD TOF mass spectrometer by electrospray ionization—
time-of-flight (ESI-TOF). The single crystal X-ray diffraction studies were carried out on a
Bruker Kappa APEX-11 CCD diffractometer equipped with Mo Ka radiation (A = 0.71073
A). Purities of all final compounds were determined to be greater than 95% based on HPLC
chromatograms (UV, 257 nm). Purities of all reported final compounds were determined to
be greater than 95% measured by HPLC analysis (Waters Cortecs C18 column (2.1x55 mm,
1.6 mm) using a 0.1% aqueous formic acid:acetonitrile gradient (0.8 mL/min, 10-99%
acetonitrile over 2.5 minutes, then 0.2 minute isocratic hold) at 35 °C. The compounds were
detected using UV light (MaxPlot over 220-400 nm)). Enantiomeric excess (ee %) for
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compound 48 and 49 were determined to be greater than 95% ee measured by Waters UPC2
SFC with a Daicel IBN column (3 um, 4.6x250 mm) under isocratic conditions [40%
MeOH / CO2 (4 mL/min), 1600 psi backpressure] at 30 °C. The enantiomers were detected
by UV light (257 nm).

1,3-Dioxo-7-(4-phenoxybenzoyl)hexahydroimidazo[1,5-a]pyrazine-2(3H)-yl 4-(4-
methoxyphenyl)piperazine-1-carboxylate (1, JJH329).

1,3-dioxohexahydroimidazo[1,5-a]pyrazin-2(3H)-yl 4-(4-methoxyphenyl)piperazine-1-
carboxylate-2HCI (compound 51-2HC1)2° (42 mg, 92 umol) was dissolved in 0.5 mL DMF,
and 4-phenoxy benzoic acid (24 mg, 110 umol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDCI-HCI) (26 mg, 140 umol), 1-
hydroxybenzotriazole monohydrate (HOBt-H,0) (21 mg, 140 pmol), NV, N-
diisopropylethylamine (48 pL, 270 pmol), were added. The resulting mixture was stirred at
room temperature overnight and poured into saturated aqueous NaHCQj3 solution. The
mixture was extracted with ethyl acetate (two times). The combined organic layer was
washed with H,0 and brine, dried over Nay;SOy4, and concentrated under reduced pressure.
The residue was purified by prep-TLC (ethyl acetate:hexane= 2:1) to afford (JJH329) (40
mg, 74%) as a white solid. 1H NMR (CDCl3, 600 MHz) & 7.44 — 7.36 (m, 4H), 7.19 (tt, J=
7.4,1.1 Hz, 1H), 7.09 - 7.05 (m, 2H), 7.04 — 7.00 (m, 2H), 6.92 — 6.89 (m, 2H), 6.87 — 6.82
(m, 2H), 4.21 — 4.04 (m, 2H), 3.80 (brs, 2H), 3.77 (s, 3H), 3.67 (brs, 2H), 3.11 (brs, 8H). 13C
NMR (CDCl3, 150 MHz) 6 170.83, 160.09, 155.85, 154.77, 151.00, 145.19, 130.16, 129.52,
128.35, 124.56, 120.10, 119.40, 118.14, 114.68, 55.66, 54.60, 50.78, 45.42, 44.82, 39.41.
HRMS calculated for C31H3oN507 [M+H]* 586.2302, found 586.2307.

N-3-Pyridyl-N’-[1-{3-chloro-5-(methyl)pyridin-2-yl}piperidin-4-yl]thiourea (6, DO129).

To a solution of 56 (9.7 mg, 30 umol) in DCM (0.1 mL) was added 4N HCI in dioxane (0.1
mL) in a dropwise fashion and stirred for 2 h at room temperature. The mixture was dried
under N stream. The residue was dissolved in DCM (0.2 mL) with iProNEt (21 pL, 0.12
mmol) and pyridine-3-isothiocyanate (4.5 mg, 30 pmol). The mixture was stirred for 17 h at
room temperature. The mixture was diluted with DCM and washed with sat. NaHCO3. The
organic layer was dried over Na,SO,4 and concentrated under reduced pressure. The residue
was purified by preparative TLC (ethylacetate only) to afford 6 (DO129) (8.1 mg, 75%) as a
white solid. IH NMR (CDCl3, 600 MHz) & 8.56 — 8.47 (m, 2H), 7.95 (s, 1H), 7.81 (s, 1H),
7.63 (d, /J=7.5Hz, 1H), 7.42 - 7.38 (m, 1H), 7.36 (d, 1H), 5.87 (s, 1H), 4.48 (s, 1H), 3.63
(d, 2H), 2.95 (t, 2H), 2.21 (s, 3H), 2.20 — 2.15 (m, 2H), 1.64 — 1.55 (m, 2H). 13C NMR
(CDCl3, 150 MHz) 6 180.17, 156.64, 148.29, 146.62, 145.89, 139.51, 133.32, 132.71,
128.14, 124.58, 122.78, 52.68, 48.38, 31.81, 17.28. HRMS calculated for C17H»1CINsS [M
+H]* 362.1206, found 362.1205.

N-{6-(methoxy)Pyridin-3-yI}-N’-[1-{3-chloro-5-(trifluoromethyl) pyridin-2-yI}piperidin-4-
yl]thiourea (9).

Step 1: To a solution of a 57 (15 mg, 39 umol) in DCM (0.1 mL) was added 4N HCl in
dioxane (0.1 mL) in a dropwise fashion and stirred for 2 h at room temperature. The mixture
was dried under N, stream. The residue was dissolved in DCM and washed with aqueous 1
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N NaOH. The organic layer was dried over Na,SO4 and concentrated under reduced
pressure. The residue was used in the next step. Step 2: To a solution of an 3-amino-6-
methoxypyridine (5.3 mg, 42 pumol) in DCM with iProNEt (27 pL, 150 pmol) was added
phenylchlorothioformate (7.3 mg, 42 pmol) at 0 °C and stirred for 2 h at room temperature.
The boc-deprotected amine obtained in step 1 was added and the mixture was stirred
overnight at room temperature. The mixture was diluted with DCM and washed with
sat.NaHCO3. The organic layer was dried over Na,SO4 and concentrated under reduced
pressure. The residue was purified by prep-TLC (ethyl acetate:hexane= 1:2) to afford 9 (5.0
mg, 29%) as a colorless amorphous. *H NMR (CDCls, 600 MHz) & 8.36 (s, 1H), 8.09 —
8.07 (m, 1H), 7.74 - 7.73 (m, 1H), 7.49 (s, 1H), 7.47 — 7.43 (m, 1H), 6.82 (d, 1H), 5.62 —
5.45 (m, 1H), 4.56 (s, 1H), 4.03 — 3.94 (m, 5H), 3.06 (t, 2H), 2.26 — 2.15 (m, 2H), 1.57 -1.48
(m, 2H). 13C NMR (CDCls3, 150 MHz) & 180.95, 163.64, 159.98, 145.41, 143.11, 137.53,
136.10, 125.85, 123.43 (q, 1JC-F = 269.9 Hz), 120.97, 120.10 (g, 2JC-F = = 33.3 Hz),
112.58, 54.12, 52.64, 47.80, 31.78. HRMS calculated for C1gHoCIF3N50S [M+H]
+446.1029, found 446.1031.

N-3-Pyridyl-N’-[1-{3-chloro-5-(trifluoromethyl)pyridin-2-yl}piperidin-3-yl]thiourea (13).

To a solution of a 61a (20 mg, 53 pumol) in DCM (0.2 mL) was added 4N HCI in dioxane
(0.2 mL) in a dropwise fashion and stirred for 2 h at room temperature. The mixture was
dried under N, stream. The residue was dissolved in DCM with iProNEt (37 uL, 0.21 mmol)
and pyridine-3-isothiocyanate (7.9 mg, 58 pmol) was added. The mixture was stirred
overnight at room temperature. The mixture was diluted with DCM and washed with
sat.NaHCO3. The organic layer was dried over Na,SO4 and concentrated under reduced
pressure. The residue was purified by prep-TLC (AcOEt only) to afford 13 (24 mg,
quantitative yield) as a white solid. 1TH NMR (CDCl3, 600 MHz) & 8.54 (s, 1H), 8.46 (d,
1H), 8.32 (s, 1H), 7.81 (s, 1H), 7.69 (s, 1H), 7.67 — 7.55 (m, 2H), 7.29 (d, 1H), 4.66 (s, 1H),
3.82 - 3.62 (m, 2H), 3.30 (s, 1H), 3.15 (s, 1H), 2.32 (s, 1H), 1.95 — 1.58 (m, 3H). 13C NMR
(CDCl3, 150 MHz) & 180.16, 160.03, 147.96, 146.68, 142.74, 136.40, 133.70, 132.58,
124.43,123.12 (q, LUe.g = 270.2 Hz), 122.00, 120.59 (q, 2Jc.r = 33.5 Hz), 120.42, 52.56,
50.99, 49.97, 28.27, 22.15. HRMS calculated for C17H1gCIF3NsS [M+H]* 416.0924, found
416.0927.

N-3-Pyridyl-N’-[1-{4-(cyclopropylmethoxy)pyridin-2-yl}piperidin-4-yl]thiourea (32).

To a solution of 82 (16 mg, 45 umol) in DCM (0.2 mL) was added 4N HCI in dioxane (0.2
mL) in a dropwise fashion and stirred for 2 h at room temperature. The mixture was dried
under N5 stream. The residue was dissolved in DCM with iPr,NEt (39 L, 0.22 mmol) and
pyridine-3-isothiocyanate (8.4 mg, 62 umol) was added. The mixture was stirred overnight
at room temperature. The mixture was diluted with DCM and washed with sat. NaHCO3.
The organic layer was dried over Na,SO,4 and concentrated under reduced pressure. The
residue was purified by prep-TLC (DCM/Acetone=2/3) to afford 32 (16 mg, 95%) as a white
solid. TH NMR (CDCl3, 600 MHz) & 8.49 (s, 3H), 7.96 (d, 1H), 7.77 (s, 1H), 7.35 (s, 1H),
6.40 - 6.19 (m, 2H), 6.10 (s, 1H), 4.52 (s, 1H), 4.12 (d, 2H), 3.79 (d, 2H), 2.98 (t, 2H), 2.19
—2.06 (m, 2H), 1.40 (s, 2H), 1.27 — 1.19 (m, 1H), 0.67 — 0.61 (m, 2H), 0.36 — 0.30 (m, 2H).
13C NMR (CDCl3, 150 MHz) & 180.38, 166.99, 161.01, 149.09, 101.54, 93.04, 72.62,
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52.60, 44.82, 31.20, 10.10, 3.36. HRMS calculated for CygHogN50S [M+H]* 384.1858,
found 384.1861.

N-3-Pyridyl-N’-(1-[3-methyl-4-{4-(trifluoromethoxy)phenoxy}pyridine-2-ylpiperidin-4-
yDthiourea (40).

To a solution of 90 (20 mg, 43 umol) in DCM (0.2 mL) was added 4N HCI in dioxane (0.2
mL) in a dropwise fashion and stirred for 2 h at room temperature. The mixture was dried
under N, stream. The residue was dissolved in DCM with iPr,NEt (30 pL, 0.17 mmol) and
pyridine-3-isothiocyanate (6.4 mg, 47 umol) was added. The mixture was stirred overnight
at room temperature. The mixture was diluted with DCM and washed with sat. NaHCO3.
The organic layer was dried over Na;SO4 and concentrated under reduced pressure. The
residue was purified by prep-TLC (DCM/Acetone=3/1) to afford 40 (25 mg, quantitative
yield) as a colorless amorphous. 1H NMR (CDCl3, 600 MHz) & 8.58 — 8.49 (m, 2H), 8.04 —
7.98 (m, 1H), 7.89 (s, 1H), 7.72 (s, 1H), 7.39 (s, 1H), 7.22 (d, 2H), 7.02 (d, 2H), 6.33 (d,
1H), 6.06 (s, 1H), 4.53 (s, 1H), 3.49 — 3.34 (m, 2H), 3.09 — 2.93 (m, 2H), 2.29 — 2.08 (m,
5H), 1.50 — 1.32 (m, 2H). IH NMR (CDCls3, 600 MHz) & 180.08, 163.60, 162.32, 153.96,
146.08, 144.68, 144.42, 136.39, 130.18, 123.11, 120.88, 120.09 (q, LJc_r = 254.4 Hz),
113.87, 107.03, 50.75, 48.68, 31.17, 11.26. HRMS calculated for Co4H5F3N502S [M+H]
*504.1681, found 504.1677.

(R)-N-3-Pyridyl-N’-(1-[3-chloro-4-{3-chloro-4-(trifluoromethoxy)phenoxy}pyridine-2-
yllpiperidin-3-yl)thiourea (49).

To a solution of 99 (20 mg, 38 umol) in DCM (0.2 mL) was added 4N HCI in dioxane (0.2
mL) in a dropwise fashion and stirred for 2 h at room temperature. The mixture was dried
under N stream. The residue was dissolved in DCM with iProNEt (27 pL, 0.15 mmol) and
pyridine-3-isothiocyanate (5.7 mg, 42 pmol) was added. The mixture was stirred overnight
at room temperature. The mixture was diluted with DCM and washed with sat.NaHCOs.
The organic layer was dried over Na,SO,4 and concentrated under reduced pressure. The
residue was purified by prep-TLC (DCM/Acetone=3/1) to afford 49 (12 mg, 57%) as a
colorless amorphous. 'H NMR (CDCl3, 600 MHz) & 8.56 (s, 1H), 8.46 (dd, J= 4.8, 1.5 Hz,
1H), 7.83 (s, 2H), 7.62 (s, 1H), 7.54 (s, 1H), 7.40 (d, J= 2.8 Hz, 1H), 7.30 (dd, /= 8.1, 4.7
Hz, 1H), 7.20 (dd, /= 8.9, 2.8 Hz, 1H), 7.13 (d, /= 8.9 Hz, 1H), 6.09 (d, /= 5.6 Hz, 1H),
4.76 — 4.06 (m, 1H), 3.79 — 2.81 (m, 4H), 2.35 (s, 1H), 1.70 (s, 3H). 13C NMR (CDCls, 150
MHz) 6 179.99, 160.68, 160.52, 148.64, 147.93, 146.65, 146.59, 146.03, 133.71, 132.51,
127.86, 124.50, 124.07, 123.31, 121.16, 120.42 (q, 1Jep = 257.0 Hz), 111.95, 106.05, 53.32,
51.10, 50.68, 28.23, 21.97. HRMS calculated for Co3HogCloF3N50,S [M+H]* 558.0745,
found 558.0755.

tert-Butyl [1-{3-chloro-5-methylpyridin-2-yl}piperidin-4-yl]carbamate (56).
A solution of 2,3-dichloro-5-(methyl)pyridine (53) (200 mg, 1.23 mmol), tert-
butyl(piperidin-4-yl)carbamate (2.5 g, 12 mmol) and Cu powder (8 mg) in DMF (4 mL) was
stirred for 18 h at 120 °C. The mixture was diluted with DCM and filtered through a silica
pad (ethyl acetate:hexane = 1:1 as an eluent). The eluent was concentrated under reduced
pressure. The residue was purified by flash column chromatography (hexane only then ethyl
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acetate:hexane = 1:10 to 1:3) to afford 56 (150 mg, 37%) as a yellow amorphous. 1H NMR
(CDCl3, 600 MHz) 6 7.92 (d, J = 1.9 Hz, 1H), 7.35 (d, J = 2.0 Hz, 1H), 4.59 (d, J = 8.2 Hz,
1H), 3.65 - 3.52 (m, 3H), 2.84 (ddd, J = 13.2, 11.3, 2.5 Hz, 2H), 2.16 (s, 3H), 2.01 - 1.94
(m, 2H), 1.52 (dtd, J = 12.6, 11.0, 3.9 Hz, 2H), 1.34 (s, 9H). 13C NMR (CDCls3, 150 MHz) &
156.82, 155.22, 145.71, 139.31, 127.76, 122.72, 79.20, 48.47, 47.83, 32.60, 28.46, 17.15.
ESI-MS 326.1: ([M+H]™).

tert-Butyl [1-{3-chloro-5-(trifluoromethyl)pyridin-2-yl}piperidin-3-ylJcarbamate (61a).

A solution of 2,3-dichloro-5-trifluoromethylpyridine (54) (200 mg, 0.93 mmol), tert-
butyl(piperidin-3-yl)carbamate (220 mg, 1.1 mmol) and potassium carbonate (130 mg, 0.93
mmol) in dry DMF (0.5 mL) was stirred at 100 °C overnight. The mixture was diluted with
DCM and filtered through a pad of silica with ethylacetate. The eluent was concentrated
under reduced pressure and the residue was purified by flash column chromatography (ethyl
acetate:hexane=1/8 to 1/3) to afford 61a (350 mg, 99%) as a white solid. 1H NMR (CDCls,
600 MHz) & 8.33 (s, 1H), 7.70 (d, /= 2.3 Hz, 1H), 5.14 — 4.79 (m, 1H), 3.89 — 3.03 (m, 5H),
1.87 — 1.74 (m, 2H), 1.74 — 1.50 (m, 2H), 1.39 (s, 9H). 13C NMR (CDCl3, 150 MHz) &
160.52, 155.21, 142.98, 135.96, 123.35 (q, LJc.r = 269.9 Hz), 121.47, 120.16 (q, 2Jc-g =
33.2 Hz), 79.25, 53.80, 49.51, 46.52, 29.99, 28.42, 22.54. ESI-MS: 380.1 ([M+H]™).

2-Chloro-4-(cyclopropylmethoxy)pyridine (67).

To a solution of 2-cyclopropylmethanol (160 mg, 2.3 mmol) in dry DMF (1 mL) was slowly
added 60% sodium hydride in mineral oil (91 mg, 2.3 mmol) at 0 °C. The mixture was
warmed to room temperature and stirred for 20 min. The reaction mixture was added 4-
fluoropyridine (300 mg, 2.3 mmol). The reaction mixture was stirred at 90 °C and the
reaction was stirred overnight. The reaction mixture was concentrated under reduced
pressure. The residue was purified by flash column chromatography (hexane only to ethyl
acetate /hexane=1/8) to afford 67(290 mg, 70%) as a colorless oil. 1H NMR (CDCls, 600
MHz) 6 8.09 (d, /=5.8 Hz, 1H), 6.75 (d, /= 2.3 Hz, 1H), 6.68 (dd, /= 5.8, 2.3 Hz, 1H),
3.79 (d, J= 7.1 Hz, 2H), 1.23 - 1.16 (m, 1H), 0.64 — 0.57 (m, 2H), 0.34 — 0.27 (m, 2H). 13C
NMR (CDCl3, 150 MHz) & 166.60, 152.51, 150.18, 110.11, 109.86, 73.22, 9.75, 3.31. ESI-
MS 184.1: ([M+H]Y).

2-Chloro3-methyl-4-{4-(trifluoromethoxy)phenyloxy}pyridine (75).

To a solution of 4-(trifluoromethoxy)phenol (60 mg, 0.34 mmol) in dry DMF (0.2 mL) was
slowly added 60% sodium hydride in mineral oil (14 mg, 0.34 mmol) at 0 °C. The mixture
was warmed to room temperature and stirred for 20 min. The reaction mixture was added
2,4-dichloro-3-methylpyridine (50 mg, 0.31 mmol). The reaction mixture was stirred at
120 °C and the reaction was stirred overnight. The reaction mixture was concentrated under
reduced pressure. The residue was purified by prep-TLC (ethyl acetate /hexane=1/10) to
afford 75 (59 mg, 63%) as a colorless oil. IH NMR (CDCl3, 600 MHz) & 8.08 (d, /= 5.6
Hz, 1H), 7.31 - 7.26 (m, 2H), 7.11 - 7.06 (m, 2H), 6.56 (d, J= 5.6 Hz, 1H), 2.40 (s, 3H).
13C NMR (CDCl3, 150 MHz) 6 163.81, 153.36, 153.00, 147.60, 146.19, 123.13, 122.74,
121.55, 120.53 (q, 1Jc.r = 255.5 Hz), 110.16, 12.58. ESI-MS 304.0: ([M+H]™).
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tert-Butyl [1-{4-(cyclopropylmethyloxy)pyridin-2-yl}piperidin-4-yljcarbamate (82).

A solution of 67 (80 mg, 0.44 mmol), tert-butyl(piperidin-4-yl)carbamate (440 mg, 2.2
mmol) and potassium carbonate (120 mg, 0.87 mmol) in dry DMSO (1 mL) was stirred at
120 °C for 24h. The mixture was diluted with DCM and filtered through a pad of silica with
ethylacetate. The eluent was concentrated under reduced pressure and the residue was
purified by flash column chromatography (hexane only to hexane/ethyl acetate=1/10 to %) to
afford 82 (40 mg, 26%) as a white solid. 1H NMR (CDCl3, 600 MHz) &6 7.99 (d, J= 5.8 Hz,
1H), 6.20 (dd, /=5.8, 2.1 Hz, 1H), 6.11 (d, /= 2.1 Hz, 1H), 4.54 — 4.42 (m, 1H), 4.14 (dt, J
=13.9, 3.6 Hz, 2H), 3.79 (d, J= 7.0 Hz, 2H), 3.72 - 3.60 (m, 1H), 2.93 (ddd, /= 13.8, 11.6,
2.7 Hz, 2H), 2.04 — 1.94 (m, 2H), 1.49 - 1.34 (m, 11H), 1.28 — 1.18 (m, 1H), 0.68 — 0.60 (m,
2H), 0.37 - 0.29 (m, 2H). 13C NMR (CDCls3, 150 MHz) & 166.79, 161.26, 155.28, 149.22,
101.22,92.77, 79.46, 72.48, 48.29, 44.72, 32.21, 28.52, 10.13, 3.33. ESI-MS 348.2: ([M+H]

+)'

tert-Butyl (1-[3-methyl-4-{4-(trifluoromethoxy)phenoxy}pyridine-2-yl]piperidin-4-
yl)carbamate (90).

A solution of 75 (120 mg, 0.37 mmol), tert-butyl(piperidin-4-yl)carbamate (300 mg, 1.5
mmol) and potassium carbonate (80 mg, 0.56 mmol) in dry DMSO (0.2 mL) was stirred at
120 °C for 1h. The mixture was diluted with DCM and filtered through a pad of silica with
ethylacetate. The eluent was concentrated under reduced pressure and the residue was
purified by prep-TLC (ethyl acetate/hexane= 1/7) to afford 90 (64 mg, 37%) as a white solid.
1H NMR (CDCls3, 600 MHz) 6 8.01 (d, /= 5.6 Hz, 1H), 7.22 — 7.17 (m, 2H), 7.03 - 6.98
(m, 2H), 6.32 (d, J=5.6 Hz, 1H), 4.57 (d, J= 8.1 Hz, 1H), 3.71 — 3.59 (m, 1H), 3.44 — 3.36
(m, 2H), 2.96 — 2.86 (m, 2H), 2.19 (s, 3H), 2.09 — 2.00 (m, 2H), 1.56 (dtd, /= 12.6, 10.9, 3.8
Hz, 2H), 1.44 (s, 9H). 13C NMR (CDCls, 150 MHz) & 164.26, 163.12, 155.32, 154.04,
146.12, 145.40, 122.86, 120.75, 120.57 (q, LJc.F = 256.1 Hz), 114.83, 107.07, 79.41, 49.13,
47.96, 32.94, 28.39, 11.50. ESI-MS 468.1: ([M+H]™).

(R)-tert-Butyl (1-[3-chrolo-4-{2-chloro-4-(trifluoromethoxy)phenoxy}pyridine-2-

yl]piperidin-3-yl)carbamate (99).
A solution of 8119 (120 mg, 0.37 mmol), (R)-tert-butyl(piperidin-3-yl)carbamate (150 mg,
0.74 mmol) and potassium carbonate (61 mg, 0.44 mmol) in dry DMSO (0.3 mL) was
stirred at 100 °C for 3h. The mixture was diluted with DCM and filtered through a pad of
silica with ethylacetate. The eluent was concentrated under reduced pressure and the residue
was purified by prep-TLC (ethyl acetate/hexane= 1/3) to afford 99 (91 mg, 47%) as a white
solid. 1H NMR (CDCls3, 600 MHz) & 8.00 (d, J= 5.6 Hz, 1H), 7.39 (d, /= 2.8, 1H), 7.18
(dd, J=8.9, 2.8, 1H), 7.13 (d, /=9.0 Hz, 1H), 6.19 (d, /= 5.6 Hz, 1H), 5.33 - 4.89 (m, 1H),
3.97 - 3.65 (m, 1H), 3.51 — 3.08 (m, 4H), 1.92 — 1.59 (m, 4H), 1.44 (s, 9H). 13C NMR
(CDCl3, 150 MHz) & 161.17, 160.46, 155.40, 148.96, 146.38, 146.30, 127.78, 124.03,
123.07, 121.09, 120.42 (q, LJe.F = 257.0 Hz), 111.94, 106.05, 79.28, 54.62, 50.43, 46.50,
29.99, 28.58, 22.51. ESI-MS 522.0: ([M+H]™).
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Lyso-PS hydrolysis assay

The lyso-PS lipase activity of ABHD12 was determined as described®. Briefly, DO127
were incubated with ABHD12-overexpressing HEK293T membrane (0.25 mg/mL) in DPBS
for 20 min at room temperature. 17:1 lyso-PS in DPBS was added to each reaction (100 pM
final concentration) and incubated at 37 °C. After 30 min, the reaction was quenched with
400 pL of 2:1 CHCI3/MeOH (v/v) with 1 nmol 15:0 FFA as an internal standard. The
mixture was vortexed and centrifuged at 1,400 x g to separate the aqueous and organic
phase. The organic phase was analyzed by LC-MS (1200 LC/MSD, Agilent Technologies)
using a 50 mm x 4.6 mm 5 pm Gemini C18 column (Phenomenex) coupled to a guard
column (Gemini: C18: 4 x 3 mm). The LC solvents were as follows: buffer A, HoO:MeOH
(95:5, v/v) with 0.1 % NH4OH (v/v); and buffer B, iPrOH:MeOH:H,0 (60:35:5, v/v/v) with
0.1 % NH4O0H (v/v). The LC method consisted of 0.1 mL/min 20% buffer B for 1.0 min, 0.4
ml/min isocratic mode of 100% buffer B over 7 min and equilibration with 0.5 mL/min
100% buffer A for 3 min. The MS analyses were performed using an electrospray ionization
source (ESI) in negative ion mode to measure product formation. MS data were acquired in
selected ion monitoring mode at m/z 267.20 for 17:1 FFA and m/z 241.20 for 15:0 FFA.

Gel-based competitive ABPP

Gel-based ABPP assays were performed as described!®. Tissue proteomes (50 L, 1 mg/mL)
were treated with inhibitors for 20 min at room temperature (for (thio)urea analogues) or 45
min at 37 °C (for NHH carbamate analogues) . Then the proteomes were labeled with FP-Rh
(1 uM final concentration) or JJH350 (2 uM final concentration) for 45 min at 37 °C. For
FP-Rh labeled samples, the reactions were quenched by adding 20 uL of 4X SDS-PAGE
loading buffer. The 30 pL of the quenched samples were loaded on gel for analysis. For
JJH350-labeled samples, copper-catalyzed azide-alkyne cycloaddition (CUAAC) was used
for visualizing the labeled proteins. For CUAAC, rhodamine-PEG3-N3 (1 pL/reaction, 1.25
mM in DMSO), CuSOy4 (1 pL/reaction, 50 mM in H,0), TBTA (3 pL/reaction, 1.7 mM in
DMSO/t-BUOH [1:4, v/v]) and tris(2-carboxyethyl)phosphine (TCEP) (1 pL/reaction, 50
mM in H0, freshly prepared) were premixed. Then 6 L of this click reagents mixture was
immediately added to each JJH350-labeled samples (50 pL, 1 mg/mL) and incubated for 1 h
at room temperature. The reactions were quenched by adding 20 pL of 4X SDS-PAGE
loading buffer. The 40 uL of the quenched samples were loaded on a gel for analysis. After
separation by SDS-PAGE (10% acrylamide), samples were visualized by in-gel fluorescence
scanning using the ChemiDoc MP system (Bio-Rad). Band intensities were quantified using
the Image Lab (5.2.1) software (Bio-Rad).

Preparation of tissue proteomes

Mouse tissues were dounce-homogenized in DPBS followed by low-speed spin (1,400 x g, 3
min, 4 °C) to remove debris. The membrane and cytosolic fractions were separated by high-
speed spin (16,000 x g, 45 min, 4 °C) of the resulting homogenate lysate. After removal of
the soluble supernatant, the membrane pellet was washed with cold DPBS and resuspended
with cold DPBS. Total protein concentrations in membrane fractions were determined using
the Bio-Rad DC protein assay kit. Samples were used immediately for the following ABPP
experiments.
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ICgg calculations

ABHD12 enzyme activities in mice brain membrane fraction were determined by
fluorescent ABHD12 band intensity visualized by JJH350 probe followed by conjugation of
rhodamine-N3 (for detail, see gel-based competitive ABPP section). The relative intensity
was compared to the ABHD12 band intensity from a control-treated sample, which was set
to 100%. ICsq values were determined by plotting a log(inhibitor) vs. normalized response,
and the dose-response curves were generated using the Prism software (GraphPad).

Cytokine measurements in THP-1 cells

THP-1 cells (ATCC) were cultured in RPMI 1640 (Corning) with 10% heat-inactivated FBS
(Omega Scientific) and 0.05mM 2-mercaptoethanol (Fisher) at a density between 2x105 to
1x106 cells/ml. On day of experiment, cells were plated into 6-well culture plates at a
concentration of 2.5x106 cells/well and treated with 150ng/ml of phorbol 12-myristate 13-
acetate (PMA, Sigma) for 24 hours in the presence of DO264 (1, 0.5 and 0.1uM), DO271
(1uM) or DMSO. Following PMA treatment cells were adherent and washed twice with
culture media to remove PMA. Cells were allowed to rest for 24 hours to become resting
macrophages in the presence of DO264, DO271 or DMSO. Resting macrophages were
treated with fresh media containing 20ng/ml IFN-y (Sigma) and 10pg/mL LPS (Sigma) for
24 hours in the presence of DO264, DO271 or DMSO to achieve M1 polarization. Aliquots
of media were collected 6 and 24 hours following the addition of polarizing cytokines and
selected cytokines were measured using the MSD V-Plex Plus assay.

Cell viability assay

Cells were seeded into 96-well plates at 3,000 cells per well. After 24 hours, test compounds
were added to cells to final concentrations ranging from 0.1 to 10 uM. Cells were then
incubated for 72 hours and cell viability was measured using CellTiter-Glo assay (Promega)
following manufacturer’s instructions. Relative cell viability in the presence of test
compounds was normalized to the vehicle-treated controls.

Compound treatment for in vivo studies

Statistics

JIH329 was suspended in 1:1 (v/v) solution of EtOH/PEGA40 (by bath sonication), and the
solution was diluted with 9 volumes of DPBS followed by vortexing to obtain 1:1:18 (v/v/v)
compound solution of EtOH/PEG40/DPBS. 10 uL/g mouse body weight of the freshly
prepared compound solution was injected into the mouse peritoneal. Compound-treated
mice were anesthetized with isoflurane and euthanized by cervical dislocation to harvest
tissues. The experiments were conducted in accordance with the guidelines of the
Institutional Animal Care and Use Committee of The Scripps Research Institute.

Statistical analyses were performed using the R statistical programming language or Prism.
All data are shown as mean values + SEM or SD. Two-sided Student’s t-test was used to
perform statistical analyses. A p-value of < 0.05 was considered statistically significant for
this study.
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Figure 1.
Discovery of NHH-carbamate inhibitors and tailored activity-based probes for ABHD12.

(A) Chemical structures and ABHD12 inhibitory activities for the indicated NHH-carbamate
compounds. 1Csq values were determined by gel-based competitive ABPP using the FP-Rh
probe. (B) /n vitro potency and selectivity of NHH-carbamate compounds in mouse brain
membrane proteome as measured by gel-based competitive ABPP using the FP-Rh probe.
(C) Visualization of ABHD12 in mouse brain membrane proteome using the JJH350 probe.
For the gel-based ABPP assays, mouse brain membrane proteomes (1 mg/mL) were pre-
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incubated with NHH-carbamate compounds (45 min, 37 °C) followed by the reaction with
FP-Rh probe (1 uM, 45 min, 37 °C) (A, B) or with Rh-N3 (25 uM) using CUAAC conditions
(60 min, r.t.) (C).
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Figure 2.

Identification and structure assignment of HTS hit AW01275 as thiourea DO130. (A) An
originally assigned chemical structure and *H-NMR of AW01275 (DO127) and its
structurally related analogues, DO129 and DO130. The 1H-NMR spectra were measured in

CDCl3 with D,0. (B) ABHD12 inhibitory activity of AW01275 (obtained from a

commercial source), DO127, DO129, and DO130 as measured by gel-based ABPP of mouse
brain membrane proteome (1 mg/mL protein) using the JJH350 probe (2 uM, 45 min, 37
0C). (C) An X-ray crystal structure of AW01275 obtained from a commercial source.
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Figure 3.
DO0130 (7) does not show time-dependent inhibition of ABHD12. (A) Comparison of

ABHD12 inhibitory activities of JJH350 (3) and DO130 (7) as measured by gel-based ABPP
with membrane lysate of ABHD12-transfected HEK293T cells using an FP-Rh probe (1 uM,
45 min, 37 °C). A representative gel is shown. (B) Bar graph representation of ABHD12
band intensity obtained in (A). N = 3. The data represent the mean + SD.
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Figure 4.

ABHD12 inhibitory activity of (S,R)-DO271 (47), (S)-DO271 (48), and (R)-DO271 (49) as
measured by gel-based ABPP of mouse brain membrane proteome (1 mg/mL protein) using
the JJH350 probe (2 uM, 45 min, 37 °C).
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Gel-based ABPP of DO264 (46) and other representative (thio)urea inhibitors of ABHD12
in mouse brain membrane proteome using the FP-Rh probe (1 uM, 45 min, 37 °C).
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Figure 6.
Concentration-dependent elevation of cytokines and chemokines in M1-polarized THP-1

macrophages treated with the ABHD12 inhibitor DO264. (A) PMA-differentiated THP-1
cells were polarized to M1 macrophages by stimulation with 20 ng/mL IFN-y and 10 pg/mL
LPS. (B) Cytokines and chemokines were measured 6 and 24 h after stimulation. DO264
and (S)-D0O271 were included in the media at the specified concentrations throughout the
experiment (A). Media samples from DMSO-treated resting (M0) macrophages were
included as an additional control. Data represent mean + SEM from four independent
biological experiments. * p< 0.05; ** p< 0.01; *** p< 0.001 (Student’s #test performed
relative to M1-DMSO samples).
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L

1(JJH329) X=C=0 R=Me
2(ABC34) X=CH, R=Me

3 (JJH350) X=C=0 R= j{\\
3

@Reagents and conditions: (a) 4-phenoxybenzaldehyde, acetic acid, NaBH(OAC)3, dry THF,
rt, 45% (ref 20); (b) 4-phenoxybenzoic acid, EDCI, HOBt-H20, iPr,NEts, rt, 74% for 2,

86% for 3.
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Scheme 2. Synthesis of 5-72
8Reagents and conditions: (a) tert-butyl(piperazin-4-yl)carbamate, Cu powder, neat (for 55)

or dry DMF (for 56), 120 °C, 64% for 55, 37% for 56; (b) tert-butyl(piperidin-4-
yl)carbamate, Ko,COg3, dry DMSO, 100 °C, 91%; (c) 4N HCI in 1,4-dioxane, CH,Cl, rt; (d)
pyridine-3-isothiocyanate, iProNEts, CH,Cly, rt, 75% for 6, 94% for 7 (2 steps); () NaNO»,
acetic acid, H,0, 0 °C to rt, 96% (2 steps); (f) Zn powder, MeOH/acetic acid, 0 °C to rt; (g)
pyridine-3-isothiocyanate, iProNEts, CH,Cly, rt, 55% (2 steps).
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Scheme 3. Synthesis of 8-122
aReagents and conditions: (a) 4N HCI in 1,4-dioxane, CH,Cl,, rt then R1-NH,,

phenylchlorothionoformate, iProNEts, CHoCly, 21-45 %; (b) 4N HCI in 1,4-dioxane,
CH,Cly, rt then RI-N=C=S or R1-N=C=0, iPryNEts, CH,Cl,, rt, 71-100 %.
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Scheme 4. Synthesis of 13-312

4Reagents and conditions: (a) Boc-amine, K,CO3, dry DMSO, 100 °C, 19-100%; (b) 4N
HClI in 1,4-dioxane, CH,Cly, rt; (c) pyridine-3-isothiocyanate, iProNEts, CHoCl, rt, 90—
100% (2 steps)
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Scheme 5. Synthesis of 32-492
aReagents and conditions: (a) R°>~OH, NaH in mineral oil, dry DMF, 0 °C then 90-100 °C,

61-100%; (b) tert-butyl(piperidin-4-yl)carbamate, KoCOs3, dry DMSO, 100 °C, 20-94%; (c)
tert-butyl(piperidin-3-yl)carbamate, K,CO3, dry DMSO, 100 °C, 45-51%; (d) 4N HCl in
1,4-dioxane, CH,Cly, rt; (e) pyridine-3-isothiocyanate, iProNEts, CH,Cly, rt, 78-100% (2
steps)
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Table 1.

ABHD12 inhibitor SAR of the N-pyridyl thiourea and piperidine core.
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Table 2.

Pyridine substituent effects on ABHD12 activity.
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Table 3.

SAR leading to ABHD12 chemical probe DO264 (46).

Page 34

Cl

N7
|
48 @ [
4
S N7 N R
H H
compound R* RS ICsp (nM) compound R* RS ICsg (NM)
3 : 4
9 cl %/@ 25 : 3 % or, O
OCF;
40  CH, £ /@ 26 | 44 c %o 96
o CF,
OCF3 OCF3
41 CN | | 180 | 45 cl /@: 33
?io ; 3i0 Cl
OCF3 I OCF4
42 CF, /@’ 2800 | 46(D0264) CI T

J Med Chem. Author manuscript; available in PMC 2020 February 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Ogasawara et al.

Table 4.
Identification of an inactive control probe (S)-DO271 (48).
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