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Abstract

Two libraries of modestly reactive ureas containing either electron-deficient acyl anilines or acyl
pyrazoles were prepared and are reported as screening libraries for candidate serine hydrolase
inhibitors. Within each library is a small but powerful subset of compounds that serve as a
chemotype fragment screening library capable of subsequent diversification. Elaboration of the
pyrazole-based ureas provided remarkably potent irreversible structural inhibitors of fatty acid
amide hydrolase (FAAH, apparent K; = 100-200 pM) complementary to those previously
disclosed enlisting electron-deficient aniline-based ureas.

The serine hydrolases constitute a superfamily of enzymes representing more than 1% of the
predicted proteins in the human genome for which at least 40-50% are still uncharacterized,
lacking known roles or identified endogenous substrates.! Not only are they one of the
largest and most diverse enzyme class in mammals, but they perform crucial roles in many
biological processes.12 There are approximately 240 human serine hydrolases composed of
a series of lipases, peptidases, esterases, thioesterases, and amidases that hydrolyze small
molecules, signaling lipids, peptides or post-translational ester and thioester protein
modifications. They share a conserved mechanism that enlists a key active site serine
nucleophile within a catalytic triad that is activated by a proton relay often involving an
acidic (aspartate/glutamate) and basic residue (histidine/lysine). More than half of the serine
hydrolases (>120 enzymes) remain poorly annotated, with no described physiological
function or identified substrates, and an even greater number of these enzymes (>80%) lack
selective inhibitors to aid in their characterization. In cases where a comprehensive
understanding has been established, this has not only improved our fundamental
understanding of biology, but it has also led to invaluable new therapies to treat disease.!

© 2014 Elsevier Ltd. All rights reserved.

“Corresponding author: Phone: 1-858-784-7522; Fax: 1-858-784-7550; boger@scripps.edu.

Supporting Information. Supplementary data associated with this article include full details of the synthesis, characterization and
purity of the screening library and can be found in the online version at Xxxxx.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Otrubova et al.

Page 2

Herein, we report two distinct efforts designed to assemble a powerful screening library
targeting the serine hydrolases. As a complement to our early ad hoc synthesis of a
trifluoromethyl ketone library (ca. 300 compounds),3 additional candidate inhibitors bearing
activated electrophilic carbonyls,* and the more recent synthesis of an extensive series of a-
ketoheterocycles® (ca. 1000 compounds) many of which target fatty acid amide hydrolase
(FAAH), the efforts herein provide two libraries of modestly reactive urea derivatives
capable of irreversible’ serine hydrolase inhibition by virtue of selective active site
carbamoylation of the catalytic serine.8 Such ureas, typically unreactive unless activated for
nucleophilic acylation within a serine hydrolase active site, can be profiled against all serine
hydrolases in the proteome® with confidence that they are not routinely reactive with
enzymes or proteins outside the serine hydrolase family.%10 Because of their irreversible
mechanism of action, those that are sufficiently selective may serve as initial in vivo
pharmacological probes to define the function of an uncharacterized serine hydrolase,!! used
to confidently validate its potential as a therapeutic target, and optimized into drug
candidates themselves.1:12-15 First identified as a class of inhibitors effective for selective
and potent inhibition of FAAH,12-15 their utility for serine hydrolase inhibition requires a
modestly reactive urea bearing an amine capable of behaving as an effective leaving group
(e.g., electron-deficient aniline,13-15 tetrazole, 16 triazole,1’ or imidazole!’), was found often
to be dependent on the nature, size, and substitution (e.g., tertiary vs secondary) of the
second attached urea amine,13-15 and can be exquisitely responsive to the recognition
elements used to target the enzyme active site. Opportunities to create such comprehensive
screening libraries for the serine hydrolases are enhanced with the availability and continued
refinement of activity-based protein profiling (ABPP) proteomic screening technology®11
that offer the advantage of testing enzymes in their native state and eliminate the need for
their recombinant expression, purification, and the development of specific substrate assays.
Because the inhibitors are screened against many enzymes in the proteome in parallel, both
their potency and selectivity can be simultaneously evaluated.181° Such libraries, in
combination with use of this technology to rapidly assess proteome-wide selectivity, provide
a powerful paradigm for discovery of selective chemical probes of new targets, for
optimization of an enzyme inhibitor selectivity concurrent with target affinity,19 and for the
detection, identification, and characterization of new therapeutic targets.1:2

The first of the screening libraries detailed herein constitutes a 693-membered library of
activated ureas that systematically vary the reactivity of an aniline leaving group (head
group) as well as the structure and flexibility of the additional urea amine (linking unit) that
bears a common resident functionalization site amenable to a final divergent introduction of
a variable unit capable of modulating active site recognition (Figure 1). In addition to
providing a template that may be rapidly expanded following lead identification using a
solution-phase synthetic protocol for the parallel synthesis of individual compounds where
each intermediate and final product is isolated and purified by a simple acid/base liquid/
liquid extraction,20 the library immediately informs on the influence of the urea reactivity,
the importance of the linker and its rigidity or orientation, and the nature of the active site
recognition features.

Three leaving group amines were selected for incorporation into the library: 2-
aminopyridine (2-AP), 4-trifluoromethylaniline (4-TFMA), and 2-fluoroaniline (2-FA).

Bioorg Med Chem Lett. Author manuscript; available in PMC 2015 August 15.
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Both the former 2-AP13d and the latter 2-FA142d have been examined in series irreversibly
targeting FAAH, whereas 4-TFMA appears unique to the studies herein (Figure 1, head
group). A set of three linker domains were incorporated as mono Boc protected derivatives
of three symmetrical diamines: a six-membered cyclic diamine (6-CDA, piperazine) widely
used in past efforts,13-15 a seven-membered cyclic diamine (7-CDA, 1,4-diazepine or
homopiperazine), and an acyclic diamine (ACDA, N,N’-dimethyl-1,2-diaminoethane), each
of which bear a protected amine spatially proximal within the series for subsequent
divergent functionalization (Figure 1, linker group). The nine individual combinations of the
three head groups and three linkers were assembled using one of two protocols (Scheme 1).
The first (method A) illustrated with 1, entailed treatment of 4-Boc-piperazine with
carbonyldiimidazole (CDI, THF, 25 °C, 14 h) to provide the activated urea (93%) followed
by Mel treatment (4 equiv Mel, CH3CN, 25 °C, 24 h) to provide the N-methyl imidazolium
salt (quant.) activated for subsequent displacement.2! Its treatment with the lithium salt of 2-
aminopyridine generated in situ (n-BuLi, THF) provided 1 (55%). Alternatively and in a
procedure that proved more general and effective for all nine intermediates (method B),
treatment of 2-AP (58%), 4-TFMA (97%), or 2-FA (88%) with 2-propenyl chloroformate
(N-methylmorpholine, THF)22 provided the corresponding activated 2-propenyl carbamates
that undergo smooth urea formation upon reaction with the mono Boc protected diamines
(N-methylpyrrolidine, THF, reflux, 57-70%).

Each of the nine core structures (1-9) was Boc deprotected by treatment with anhydrous HCI
in dioxane (25 °C) and each crude amine hydrochloride salt was subjected to coupling (30
mg/reaction) with the identical series (Figure 2) of 21 acid chlorides (2 equiv, 10 equiv
NaHCO3, 0.2 M in DMF, 0 to 25 °C, 12 h), 40 carboxylic acids (1 equiv, 1.2 equiv EDCI, 1
equiv HOAL, 10 equiv NaHCOg3, 0.2 M in DMF, 25 °C, 24 h), and 16 arylsulfonyl chlorides
(2 equiv, 10 equiv NaHCO3, 0.2-0.4 M in DMF, 25 °C, 12 h) to provide nine sublibraries,
each composed of 77 compounds (61 amides and 16 sulfonamides) (Scheme 2). Isolation
and purification of the final products was conducted by simple acid/base extraction of the
crude reaction mixture following aqueous workup for removal of excess reagents, their
byproducts, and unreacted starting materials. Assessment of the 693-membered library by
LCMS revealed that nearly all expected products were generated (ca. random 5-10% failure
rate in each sublibrary) and a subsequent chromatographic purification of the individual
compounds provided the individual library members in purified amounts ranging from 1-33
mg (>95% purity).

In principle, the systematic variations in the candidate inhibitors provide an initial SAR
immediately following its screening that informs the subsequent optimization of screening
hits. lllustrating this feature of the library, a small screening campaign with the library
(screened at 5 M) was conducted against a modestly sized serine hydrolase library to
establish its utility. In addition to providing a distinct lead compound for inhibiting the
individual serine hydrolases, the informative and digested screening data (sum % inhibition)
for the library against the eight serine hydrolases is summarized in Figure 3. Using as an
example the serine hydrolase ABHDG6-2 that is upregulated in metastatic tumors, both the
leaving group aniline (2-FA > 4-TFMA > 2-AP) and the linker domain (6-CDA > 7-CDA >
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ACDA) follow well-defined trends that can be exploited immediately in ongoing second
generation optimization libraries directly following a screening campaign.

The second library evolved in a different manner and ultimately resulted in a library
designed to screen for minimal, more promiscuous serine hydrolase inhibitors capable of
subsequent immediate lead optimization. In the course of efforts targeting FAAH,23.24 we
examined a series of N-acyl pyrazole amides, carbamates and ureas as candidate inhibitors
of the enzyme. Precedent for their potential utility was based on the reported behavior of
related azoles (tetrazoles, 18 triazoles,1” imidazoles'?, and indazoles!?), although we were
not aware of detailed accounts of N-acyl pyrazole ureas or carbamates reacting with serine
hydrolases.2> The candidate acyl pyrazoles display an intrinsic modest reactivity toward
nucleophilc attack and represent an activating group capable of formation of a metal-
chelated stable tetrahedral intermediate. Additionally, the pyrazoles represent a series in
which its acylating reactivity and leaving group propensity may be tuned not only through
the nature of the second acyl site (amide, carbamate, urea), but also through symmetrical
substitution of the pyrazole with electron-withdrawing or electron-donating substituents.
The importance and remarkable impact of these features were examined and defined with a
series of 111 acyl pyrazoles as inhibitors of FAAH (Figure 4), a collection in itself that
represents a useful serine hydrolase inhibitor screening library.

Several key structural features emerged from examination of the small library where the
impact on FAAH inhibitory activity displayed clear pronounced effects, improving
substantially as one alters both the nature of the reacting acyl group (urea > carbamate >
amide) and the pyrazole C4 substituent (CN > H > Me). This is illustrated in Figure 5 with a
representative series of increasingly potent FAAH inhibitors, the most potent of which
display apparent K; values of 100-200 pM when substituted with acyl chains known to be
especially effective for targeting FAAH.® Two of these potent series, the three pyrazole
ureas bearing the naphthyl tail as well as the three containing the benzyloxyphenyl tail, were
each confirmed to be irreversible FAAH inhibitors (dialysis dilution, not shown).
Interestingly, it was the least reactive chemotype (urea > carbamate > amide) that proved to
provide the more potent inhibitors, suggesting a unique FAAH active site activation for
carbamoylation.

Especially interesting in the series was the unusually large and remarkable impact of the
pyrazole C4 substituent. Although this effect could reflect both an electronic and steric
impact of the substituent on the activity, FAAH possess a large cytosolic port adjacent to the
active site capable of accommodating large substituted heterocycles,28 suggesting the impact
is largely or solely due to the electronic properties of the pyrazole C4 substituent. In order to
establish whether this truly reflects the electronic impact of the substituent, an expanded
series of substituted pyrazoles was examined in which the electron-withdrawing properties
of the C4 substituent was systematically varied without significantly altering the substituent
size or polarity (Figure 6). Beautifully, the series exhibited pronounced and incremental
increases in potency as the electron-withdrawing properties of the C4 substituent increases
(CN > CO,Me > Br > H > Me), where the change in apparent K; values across the series
spans a stunning 103-fold.
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Notable in this work, the pyrazole ureas 10-12 that contain only a simple piperidine
displayed robust inhibitory activity against FAAH even though they do not contain a
recognition group mimicking the substrate2”:28 fatty acid amide long chain acyl groups
(Figure 5). Rather, they and a small series of pyrazole ureas including those containing
pendant protected secondary amines in the acyl chain may serve as effective screening
compounds used to identify chemotypes selective for inhibition of a subset of serine
hydrolases, being more promiscuous across the enzyme class (10-21, Figure 7).172
Combined with 1-9, 10-21 represent a small, but powerful serine hydrolase screening
library. Following detection of a targeted serine hydrolase inhibition, the informative
screening leads, which define trends in acyl urea reactivity (head group) and the importance
of the second attached amine (linker), may be divergently modified to improve active site
recognition features, simultaneously improving potency and selectivity for a targeted serine
hydrolase.

Representative of such screening results and highlighted in Figure 8, the comparison of 10
and 12 screened at 20 UM against all proteins in the HeLa cell membrane fraction indicate
the more selective nature of the least reactive pyrazole urea 10 and the more sensitive nature
of the most reactive pyrazole urea 12. Combined their concurrent screening allows the
identification of serine hydrolases sensitive to inhibition by the pyrazole urea chemotype,
provide insights into how reactivity can impact selectivity among the distinguished
candidate serine hydrolases, define candidate off target enzymes in the class whose activity
should be monitored when addressing optimization against a single subsequently chosen
enzyme, and provide superb starting fragments that can be further elaborated to tailor the
potency and selectivity of the inhibitor class to a targeted serine hydrolase. Most notably and
by using the nitrile substituted pyrazole urea 12, serine hydrolases sensitive to pyrazole urea
inhibition are detected that would be overlooked in such fragment screening if only the
unsubstituted pyrazole 10 was employed.

Complementary to our screening libraries comprehensively targeting protein-protein2%-31 or
protein-DNA3Z interactions, the urea-based serine hydrolase libraries disclosed herein and
the related libraries of candidate inhibitors bearing electrophilic carbonyls3# represent our
first of several screening libraries assembled to effectively target the major enzyme classes.
The results of these and related studies, as well as their utility will be reported in due course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Aniline-based urea library of candidate serine hydrolase inhibitors.
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The 21 acid chlorides, 40 carboxylic acids, and 16 sulfonyl chlorides used in the library.
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Figure 5.

Recombinant rFAAH inhibition, apparent K; (3 h preincubation with enzyme).
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Figure 6.

C4-Substituent impact on pyrazole urea inhibition of FAAH.
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Figure 7.
Key members of a serine hydrolase screening library.
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Figure 8.

Identification of serine hydrolase targets for 10 (top) and 12 (bottom) in the HeLa cell
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membrane protein fraction established by ABPP-SILAC.172 Cells were cultured with each
inhibitor at 20 pM (or DMSO controls) for 4 h before isolation of the membrane proteins
and analysis by ABPP-SILAC (two independent replicates, FP-biotin probe®?:178), Ratio
light/heavy = 1, no inhibition; ratio = 0, complete inhibition. Only those serine hydrolases

displaying some inhibition are shown.
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