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ABSTRACT: The protein arginine deiminases (PADs) are a
family of enzymes that catalyze the post-translational hydrolytic
deimination of arginine residues. Four different enzymologically
active PAD subtypes have been characterized and exhibit tissue-
specific expression and association with a number of different
diseases. In this Article we describe the development of an
approach for the reliable discovery of low molecular weight,
nonpeptidic fragment substrates of the PADs that then can be
optimized and converted to mechanism-based irreversible PAD inhibitors. The approach is demonstrated by the development of
potent and selective inhibitors of PAD3, a PAD subtype implicated in the neurodegenerative response to spinal cord injury.
Multiple structurally distinct inhibitors were identified with the most potent inhibitors having >10,000 min−1 M−1 kinact/KI values
and ≥10-fold selectivity for PAD3 over PADs 1, 2, and 4.

■ INTRODUCTION
The protein arginine deiminases (PADs) are a family of
enzymes that catalyze the post-translational hydrolytic deimi-
nation of arginine residues (Figure 1A).1−3 Several functionally

active PAD subtypes, PAD1−4, have been characterized,4−7

and though the primary structure of mammalian PADs is highly
conserved, the human isozymes exhibit tissue-specific ex-
pression patterns.3 Dysregulated PAD activity has been
associated with multiple human diseases, including PAD1 for
psoriasis,8 PAD2 for multiple sclerosis,9−12 and PAD4 for
autoimmune disorders13 and certain cancers.14 Additionally,
PAD3 has been implicated in the neurodegenerative response
to spinal cord injury.15

The irreversible inhibitor Cl-amidine (Figure 1B) represents
one of the most advanced PAD inhibitors.5,16,17 Due to its low
molecular weight, reasonably hydrophobic character, and

nonpeptidic structure, Cl-amidine has shown activity in animal
models18 and has contributed to an improved understanding of
the role of PADs in different diseases. However, Cl-amidine
shows modest isozyme selectivity, with greatest potency against
PAD1 and only poor activity against PAD2 and PAD3.19,20 The
lack of selectivity and moderate potency of Cl-amidine
complicates deciphering the pharmacology of targeting the
different isozymes. While more potent and selective larger
peptidic inhibitors of PADs have been identified,21−23 their
activity in cells and animals has not been reported, and their
peptidic nature poses challenges for proteolytic stability, cell
permeability, and rates of metabolic clearance. The identi-
fication of low molecular weight, nonpeptidic, and isozyme-
selective PAD inhibitors should facilitate a more thorough
understanding of the individual roles of each PAD isozyme.
We have previously reported on a fragment-based approach

for the discovery of enzyme inhibitors termed substrate activity
screening (SAS).24 The SAS method consists of the
identification of nonpeptidic substrate fragments,25 substrate
optimization, and conversion of optimized substrates to
inhibitors. The key advantage of this substrate-fragment
discovery approach is that substrate hits are only identified
upon productive binding and processing by the enzyme
catalytic machinery. This approach minimizes undesirable
false positives commonly observed in inhibitor screens, such
as those due to small molecule micelle formation26,27 or the
presence of trace reactive impurities. The comparative ease of
synthesis and assay of substrates relative to inhibitors is an
additional advantage. We have successfully used this approach
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Figure 1. (A) Transformation catalyzed by PADs. (B) Cl-amidine, one
of the most advanced PAD inhibitors.16
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for the identification of selective low molecular weight
inhibitors of therapeutically relevant proteases28−33 and
phosphatases,34−36 and other laboratories have implemented
related strategies to target kinases.37,38

Herein, we report on the development of the SAS method
for the identification of low molecular weight, nonpeptidic
substrates, and inhibitors of PADs. Moreover, we report on the
identification of multiple structurally distinct and selective small
molecule inhibitors of PAD3, for which potent and selective
compounds have not previously been reported.20

■ RESULTS AND DISCUSSION
The SAS method for the development of PAD inhibitors
consists of three steps (Scheme 1): (1) a library of diverse, low

molecular weight guanidines is screened for substrate activity
using a colorimetric assay; (2) the identified weakly cleaved
guanidine substrates are optimized by analogue synthesis and
subsequent screening; and (3) the efficiently cleaved substrates
are converted to inhibitors by direct replacement of the
guanidine with the chloroacetamidine warhead, a known
mechanism-based pharmacophore.5,39

Synthesis of Guanidine Substrate Library. More than
200 guanidine substrates were prepared by solution-phase
parallel synthesis from primary amine starting materials. A
subset of primary amines was selected using 2D extended
connectivity analysis from thousands of commercially available
amines with molecular weights below 300 Da. Each of the
amines was converted into the corresponding guanidines using
a one-step guanylation reaction (see Supporting Information).
To achieve further substrate diversity, several additional
guanidine substrates, containing a variety of heterocyclic
scaffolds, were synthesized and included for screening.
Subsequent to the identification of hit substrates, analogs of
representative hits were also prepared. All guanidine library
members were purified by preparative-scale reverse-phase
chromatography and assayed for purity using LCMS and
NMR spectroscopy.

Scheme 1. Identification of PAD Inhibitors by SAS

Figure 2. Spectrophotometric detection of substrates.

Table 1. Initial Substrate Hits Against PAD3a

aRel. kcat/Km was determined using at least four independent
measurements at a substrate concentration (1 mM) below the Km.

Table 2. Optimization of PAD3 Substrate Hit 3aa,b

aRel. kcat/Km was determined using at least four independent
measurements at a substrate concentration (1 mM) below the Km.
bUnless otherwise noted, kinact/KI was determined using six
concentrations of inhibitor at five time points. kobs = kinact/KI because
[I] ≪ Ki.

42 The assays were run in duplicate. See Supporting
Information for further assay details.
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Guanidine Library Screening Assay Method. The
guanidine library was screened against PAD3 using a
colorimetric coupled assay for the detection of urea-containing
compounds.40 Briefly, PAD-mediated substrate turnover results
in the formation of an ammonium ion and a urea product. In
the presence of strongly acidic conditions and elevated
temperatures, reaction of a urea functionality with diacetyl
monoxime results in the formation of a chromogenic product
that can be detected at 540 nm (Figure 2). This coupled assay
was adapted for screening in 96-well plates and spectrophoto-
metric plate readers to enable high throughput screening of the
guanidine library. To serve as a background control each
guanidine substrate was also submitted to the assay conditions
without enzyme.
Step 1: Hit Substrate Identification. The guanidine

substrate library was initially screened at 1 mM of substrate and
400 nM PAD3. From this screen, multiple distinct substrate
classes were identified as weakly cleaved substrate hits. For each
of these hits the Km values were determined to be >10 mM, and
thus their relative cleavage efficiency accurately correlates with
kcat/Km. (Table 1). Both indole substrate 1a and hydantoin
substrates 3a and 4a incorporate known drug pharmacophores
with multiple potential sites for diversification. The highest
detected relative cleavage efficiency for 5a is also surprising
because the amide carbonyl and NH are out of register relative
to the placement of these functionalities in physiological Arg-
based peptide substrates. Substrate 5a is moreover an attractive
starting point for further optimization because it does not
contain any chiral centers, and therefore straightforward
introduction of alkenes and other conformational constraints

within the alkane chain could be possible. Notably, these types
of conformational constraints have proven beneficial in the
development of subtype selective histone deacetylase (HDAC)
inhibitors.41 Based on these characteristics, we chose to
optimize the hydantoin, benzyl hydantoin, and benzylamide
scaffolds. Although benzodiazepine substrate 2a was not chosen
for optimization, it represents another possibility for small
molecule inhibitor development.

Step 2: Substrate Optimization. Substrate Evaluation.
The Km values were determined for representative substrates,
and in all cases were >5 mM. Because substrate assays were
performed at 1 mM, well below the substrate Km values, the
relative substrate cleavage efficiencies directly correspond to the
catalytic efficiencies (kcat/Km) of the substrates.28−33

Hydantoin Substrate Synthesis and Optimization. Hydan-
toin derivatives were synthesized by addition of H-Arg(Pbf)-
OMe to an isocyanate, followed by cyclization to give
hydantoins using basic conditions that also ensure racemization
of the methine proton. Racemic rather than enantiomerically
pure substrates were synthesized because we established that
rapid epimerization at the hydantoin stereocenter occurred at

Table 3. Optimization of PAD3 Substrate Hit 4aa

aSee both footnotes (a and b) from Table 2.

Table 4. Optimization of PAD3 Substrate Hit 5aa

aSee both footnotes (a and b) from Table 2.
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physiological pH and under the assay conditions (see
Supporting Information).
Table 2 shows the relative kcat/Km of select substrates and

depicts the optimization of a weakly cleaved initial substrate hit
(3a) to a substrate that is cleaved 17-fold more efficiently
(11a). While methylation of the hydantoin at N1 completely
abolished activity (6a), phenyl substitution of the hydantoin at
N3 resulted in a slight improvement in cleavage efficiency and
provided a site for further variation (7a). Evaluation of several
phenyl substituted derivatives resulted in the identification of
the 4-methoxyphenyl benzamide analogue 9a, cleaved with ∼2-
fold greater cleavage efficiency than the initial hit. Analogues
10a and 11a led to significant increases in cleavage efficiency.
Table 3 shows the relative kcat/Km of selected select

substrates for the optimization of substrate hit 4a to substrate
15a cleaved almost three times more efficiently. Substrate 12a
with meta-phenyl substitution showed a modest increase in kcat/
Km. Further substitution upon this phenyl ring was therefore
evaluated. Both meta-fluoro (13a) and ortho-chloro (14a)
substituents increased substrate activity, and the combination of
these substitutions showed a cumulative effect, leading to the
most efficiently cleaved substrate in this series, 15a.
N-Benzyl Amide Substrate Synthesis and Optimization.

Derivatives of the N-benzyl-amide fragment 5a were synthe-
sized by a carbodiimide-mediated coupling reaction between
N,N′-di-Boc-protected γ-aminobutyric acid and various sub-
stituted benzylamines (see Supporting Information). As with
the phenyl hydantoin series, methyl substitution of the amide
NH resulted in a dramatic decrease in substrate activity (16a).
Several substituents were introduced at the α-benzylic position,
with the phenyl group (17a) resulting in more than a 2-fold
increase in cleavage efficiency as compared to 5a. Separately,
substitutions on the benzyl aromatic ring were investigated,
with the phenyl substituted substrate 18a being cleaved three
times more efficiently than the original hit 5a. Substitutions
around the secondary phenyl ring were also tolerated, most
notably, 19a was the most efficiently cleaved substrate in the
series. The α-methyl substituted enantiomers 20a and 21a were
also of interest because they showed strong chiral discrim-
ination with the more active stereoisomer 21a being cleaved
four times more efficiently than its enantiomer 20a.
Step 3: Conversion of Substrates to Inhibitors.

Inhibitors were prepared by replacing the guanidine present
in the identified substrates with the known chloroacetamidine
irreversible inhibitor pharmacophore. Each substrate with the
highest relative kcat/Km in the three substrate classes was
converted to its corresponding inhibitor (Tables 2−4). The
optimal N-phenyl hydantoin inhibitor 11b showed a kinact/KI of
5800 (min−1 M−1) toward PAD3 (Table 2), the most efficiently
cleaved N-benzyl amide substrate 19a resulted in inhibitor 19b

with a kinact/KI of 13220 (min−1 M−1) (Table 4), and the most
efficiently cleaved N-benzyl hydantoin substrate 15a was
converted to 15b, which was the most potent inhibitor to be
identified with a kinact/KI of 17400 (min−1 M−1) (Table 3).
These novel, nonpeptidic inhibitors represent distinct structural
motifs capable of PAD3 inhibition and serve as useful templates
for further optimization.
Additionally, many of the less efficiently cleaved substrates in

each series were also converted to inhibitors to enable an
assessment of the correlation of substrate cleavage efficiency to
inhibitor activity (Tables 2-4). Within each compound series
the relative cleavage efficiency and inhibitory potency
correlated reasonably well. The most efficiently cleaved
substrate also resulted in the most potent inhibitor for each
series. However, correlation did not extend across the three
series. For example, substrate 11a (Table 2) was the most
efficiently cleaved substrate from all of the compound series,
but it did not result in the most potent inhibitor. In fact,
substrate 15a, which corresponded to most potent inhibitor
15b (Table 3), was ∼2-fold less efficiently cleaved than 11a.
For a related series of substrates and mechanism-based

inhibitors, the log[Km/kcat] often linearly correlates with
log[KI] for the corresponding inhibitors incorporating stable
transition-state analogs.43,44 However, substrate and inhibitor
correlation is often more complex. In some cases inhibitors
better correlate with the corresponding substrate’s ground-state
binding (Km).

36,45 For irreversible inactivators such as those
employed in this study, inhibition might correlate better with
the kcat term.

46 Unfortunately, because the substrates reported
here are not soluble at the high concentrations required to
accurately measure Km, separate kcat and Km terms could not be
determined.

Inhibitor Isozyme Selectivity. The most potent inhibitor in
each compound series was evaluated for isozyme selectivity
(Table 5). Inhibitors 11b, 15b, and 19b each were highly
selective over PAD1 but showed more modest 5−6-fold
selectivity over PADs 2 and 4. However, two of the more
potent inhibitors in the N-benzyl hydantoin and N-benzyl
amide series, 14b and 18b, respectively, showed ≥10-fold
selectivity not only over PAD1 but also over PADs 2 and 4.47

Given the potency and selectivity observed for 14b and 18b,
these two structures are particularly promising for biological
studies as well as for further inhibitor development.

■ CONCLUSION
Low molecular weight, nonpeptidic and selective inhibitors of
the PAD isozymes have the potential to be powerful
pharmacological tools for evaluating the roles of PADs in a
number of disease states. This report describes the discovery of
PAD3 selective small molecule inhibitors. We have successfully

Table 5. Inhibition of PADs by Hydantoin, Benzyl Hydantoin, and Benzylamide Inhibitorsa

kinact/KI (min−1 M−1)

compound PAD1 PAD2 PAD3 PAD4

Cl-amidine 4550 ± 860 520 ± 50 2340 ± 80 1770 ± 470
11b 190 ± 30 1000 ± 10 5800 ± 1400 960 ± 40
14b 360 ± 30 1110 ± 10 15600 ± 2200 1460 ± 60
15b 740 ± 70b 1270 ± 70 17400 ± 2400 3380 ± 670
18b 450 ± 120 1130 ± 30b 11000 ± 2000 1090 ± 30
19b 540 ± 350b 2380 ± 90 13220 ± 520 2170 ± 30b

aSee both footnotes (a and b) from Table 2. bFor this inhibitor/isozyme combination saturation was achieved, and kinact/KI was determined by
nonlinear regression analysis by fitting the plot of kobs versus [I] for kobs = kinact[I]/([I] + KI). See Supporting Information for further assay details.
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implemented a substrate-based fragment discovery method for
identifying PAD inhibitors by screening a library of guanidines
to identify substrates, optimizing substrate structure for
cleavage efficiency and then conversion to inhibitors by
replacement of the guanidine by the chloroacetamidine
inhibitor pharmacophore. This method enabled the rapid
identification of three distinct classes of small molecule
inhibitors. Inhibitor 14b, with a kinact/KI of 15,600 toward
PAD3 had the optimal combination of potency and selectivity.
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