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ABSTRACT: Protein arginine deiminase 4 (PAD4) is a
calcium-dependent enzyme that catalyzes the conversion of
arginine to citrulline within target proteins. Dysregulation of
PAD4 has been implicated in a number of human diseases,
including rheumatoid arthritis and other inflammatory diseases
as well as cancer. In this study, we report on the design, syn-
thesis, and evaluation of a new class of haloacetamidine-based
compounds as potential PAD4 inhibitors. Specifically, we
describe the identification of 4,5,6-trichloroindazole 24 as a highly potent PAD4 inhibitor that displays >10-fold selectivity for
PAD4 over PAD3 and >50-fold over PAD1 and PAD2. The efficacy of this compound in cells was determined by measuring the
inhibition of PAD4-mediated H4 citrullination in HL-60 granulocytes.
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Protein arginine deiminases (PADs) are a family of
Ca2+-dependent enzymes that catalyze the conversion of

arginines to citrullines within proteins, a phenomenon termed
citrullination (Figure 1). Citrullination is a post-translational

event involved in many cellular processes such as gene
regulation and cell differentiation.1,2 This post-translational
modification results in the loss of the net positive charge on the
target protein, which leads to structural changes of the protein
and consequently alters the protein function and its interaction
with other biomolecules. Five human PADs (1, 2, 3, 4, and 6)
have been identified and characterized.3−5 PAD1 to PAD4 are
catalytically active, but PAD6 has no detectable activity.2,5,6

Although these isozymes share greater than 50% interisozyme
sequence identity,1,5 they display unique tissue expression
patterns.4,7 Significantly, dysregulation of PAD activity has been
linked to the pathogenesis of many diseases.4,7,8

Among the four PAD isozymes, PAD4 is of great interest due
to its relevance to the progression of rheumatoid arthritis (RA).9

In the sera of RA patients, anticitrullinated protein antibodies
(ACPA) that specifically recognize PAD4-mediated citrullina-
tion are found at high levels.4,9 Because PAD4 is primarily
expressed in granulocytes, overexpression of PAD4 also

facilitates the formation of NETs (Neutrophil Extracellular
Traps), and the resultant aberrant level of NETs is associated
with inflammatory disorders such as sepsis,10 lupus,11 vasculitis,12

and thrombosis.13 In addition to promoting NETosis, citrullina-
tion by PAD4 critically regulates the expression of inflammatory
cytokines in neutrophils such as TNF and IL-1β, which also
actively contribute to the pathogenesis of RA.14 In cancer, PAD4
not only acts as a transcriptional corepressor of the tumor sup-
pressor protein p5315 but also is involved in mediating malig-
nancy.16 Due to its regulatory roles in cell signaling pathways
and disease pathogenesis, PAD4 has emerged as a potential
therapeutic target for a range of disease states, and the devel-
opment of inhibitors toward PAD4 as biological tools has
become of high importance.
In recent years, numerous attempts have been carried out to

identify potent and selective inactivators of PAD4. GSK imple-
mented DNA encoded library screening to identify reversible
inhibitors of PAD4.17 The Thompson group has also developed
a fluorescence polarization-activity based protein-profiling assay
that enabled the discovery of streptonigrin, a natural product, as
a potent and selective inhibitor of PAD4.18 Unfortunately, off-
target effects exhibited by streptonigrin complicate its use as a
PAD4 pharmacological tool. Haloacetamidine mechanism-
based inhibitors such as Cl-amidine (Figure 2) and BB-Cl-
amidine, a second generation derivative of Cl-amidine with
enhanced cell permeability and similar potency, have provided
many key insights into PAD biology.14,19,21 To date, selective
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Figure 1. PAD-catalyzed conversion of arginine to citrulline.
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inhibitors containing the haloacetamidine warhead have been
developed for PAD1,20 PAD2,21 and PAD322,23 with repre-
sentative inhibitors shown in Figure 2.
Potent and selective mechanism-based haloacetamidine

inhibitors against PAD4 have not yet been developed. Here,
we report a new class of selective haloacetamidine-based
nonpeptidic inhibitors against PAD4 bearing an indazole core,
a heterocycle motif that has been incorporated into many
drugs.24 Moreover, we demonstrate that our most potent and
selective indazole inhibitor prevents PAD4-mediated histone
citrullination in cell culture.
We previously reported a substrate-based fragment screening

approach to identify low molecular weight nonpeptidic
guanidine substrates of PADs and identified an N-substituted
indole appended to guanidine as an effective PAD4 substrate.23

To capitalize on this nonpeptidic substrate, we prepared a series
of analogous indole-derived chloracetamidinemechanism-based
inhibitors 7a−7d (Scheme 1). Commercially available amide 4

was reduced followed by Boc protection of the resulting free
amine to give intermediate 5.25 Indole N-alkylation with several
different alkyl halides generated 6a−6d. Cleavage of the Boc
group followed by addition of ethyl-2-chloroacetimidate

provided inhibitors 7a−7d. We evaluated these inhibitors
against PAD4 and observed that increasing the size of the
N-alkyl group significantly improved the inhibitory potency
against PAD4 with the cyclopentylmethyl substituent in 7d

Figure 2. Potent and selective haloacetamidine-based inhibitors of
PAD1, PAD2, and PAD3.

Scheme 1. Synthesis of Alkylated Indole Inhibitorsa

aReagents and conditions: (a) LiAlH4, THF, reflux, 2 h; (b) Et3N,
Boc2O, CH2Cl2, 0 °C to rt, 1 h; (c) NaH, DMF, 0 °C, 30 min to 1 h;
(d) RX, DMF, 0 °C to rt, 1 to 2 h; (e) 33% CF3COOH in CH2Cl2,
1 h; (f) ethyl-2-chloroacetamidate·HCl, Et3N, CH3OH, rt, 1 h.

Table 1. IC50 Values for Compounds 7a−d and 12aa

aIC50 values are reported as mean ± SD and were run in duplicate.
Cyp = cyclopentyl. See Supporting Information for further assay details.

Scheme 2. Synthesis of Alkylated Indazole Inhibitorsa

aReagents and conditions: (a) Me2S·BCl3, 1,2-dichloroethane (DCE),
0 °C; (b) 4-chlorobutanenitrile, 0 °C to rt; (c) AlCl3, reflux, over-
night; (d) 2 M HCl, reflux, 30 min; (e) NaNO2, H2O, HCl, 0 °C, 1 h;
(f) SnCl2, HCl, 0 °C, 1 h; (g) NaN3, DMF, 50 °C, overnight;
(h) NaH, DMF, 0 °C, 30 min to 1 h; (i) cyclopentylmethyl bromide,
DMF, 0 °C to rt, 1 to 2 h; (j) SnCl2, CH3OH, 2−4 h; (k) ethyl-2-
chloroacetamidate·HCl, Et3N, CH3OH, rt, 1−2 h.

Scheme 3. Synthesis of 4-Chloroindazole Inhibitor 18a

aReagents and conditions: (a) tetramethylethylenediamine
(TMEDA), n-BuLi, THF, −75 °C, 2 h; (b) Me3SiCl, THF, −75 °C,
overnight; (c) AlCl3, CH2Cl2, 0 °C; (d) 4-chlorobutanoyl chloride,
−80 to −10 °C, 4 h; (e) NaN3, DMF, 50 °C, 16 h;
(f) hydrazine monohydrate, dimethoxyethane (DME), reflux, 17 h;
(g) NaH, DMF, 0 °C, 30 min to 1 h; (h) cyclopentylmethyl bromide,
DMF, 0 °C to rt, 1 to 2 h; (i) SnCl2, CH3OH, 2.5 h; (j) ethyl-2-
chloroacetamidate·HCl, Et3N, CH3OH, rt, 1 to 2 h.
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providing the greatest inhibitory activity (Table 1). A number of
additional N-alkyl derivatives were prepared and evaluated,
but none gave any improvement in inhibitory activity over the
N-cyclopentylmethyl derivative 7d (data not shown).
Indazole is isosteric with indole, and therefore, the indazole

analog 12a (R = H) corresponding to indole inhibitor 7d was
synthesized (Scheme 2). Lewis acid-catalyzed addition of aniline
(8a) to 4-chlorobutanenitrile provided the 2-aminophenyl
ketone 9a.26 Diazotization and then reduction to the hydrazine
with in situ cyclization to give the indazole was followed by
displacement of the bromide with azide to afford indazole 10a.
N-Alkylation of the indazole with cyclopentylmethyl bromide
yielded intermediate 11a, which, after reduction to the amine
followed by addition of ethyl-2-chloroacetimidate, furnished
inhibitor 12a. Evaluation of 12a against PAD4 established that
replacing the indole heterocycle core in 7d with indazole
resulted in a modest boost in potency (Table 1).
Given that indazole 12a is slightlymore potent than indole 7d,

we next proceeded to functionalize the ring to further enhance
PAD4 potency and selectivity. We decided to install chloro
substituents around the indole ring because the chloro sub-
stituent is relatively small andmetabolically stable and also could
provide a convenient handle for further synthetic elaboration.

The preparation of the chloro substituted inhibitors 12b−12d
and the dichloro-substituted inhibitor 12e was accomplished
according to the same sequence used to prepare the parent inhib-
itor 12a employing chloro-substituted anilines 8b−8e starting
materials (Scheme 2).
To complete the SAR of all possible monochloro derivatives,

we also sought to install the chloro group at position 4 of the
indazole ring. However, the route used to prepare the other
chloro derivatives is not appropriate for this substitution pattern
because Friedel−Crafts acylation does not occur at the more
sterically hindered ortho-site of 3-chloroaniline. We therefore
developed a different route (Scheme 3). Directed ortho-
metalation of commercially available aryl halide 13 resulted in
lithiation at the most hindered 2-position, which after addition
of trimethylsilyl chloride (TMSCl) afforded 14. The silyl
substituent in 14 then served to both activate and direct Lewis
acid-catalyzed acylation with 4-chlorobutanenitrile at the silyl-
substituted site to give ketone 15.27 Azide displacement of the
alkyl chloride followed by hydrazone formation with concom-
itant SNAr-mediated cyclization then generated indazole 16.
Next, N-alkylation with cyclopentylmethyl bromide provided
17. Finally, reduction of the azide and subsequent addition of
ethyl chloroacetimidate furnished inhibitor 18.

Table 2. kinact/KI Values for Compounds 12a−e, 18, and 24a

akinact/KI was determined using six concentrations of inhibitor at five different time points. kinact/KI was calculated from linear fit of kobs obtained
from two replicates. bkinact/KI was calculated from nonlinear regression of kobs obtained from two replicates. kobs = kinact/KI because [I] ≪ KI.
Cl-amidine under the assay conditions reported here gave the following kinact/KI values: PAD1, 4550 ± 860; PAD2, 520 ± 50; PAD3, 2340 ± 80;
PAD4, 1770 ± 470.23 See Supporting Information for further assay details.
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Because we desired both potency against PAD4 and selectivity
over all of the other PAD isozymes, we carried out more rigorous
determination of kinact/KI for the indazole inhibitors (Table 2).
The parent indazole inhibitor 12a had excellent selectivity over
PAD1 and PAD2. However, selectivity for PAD4 over PAD3
was not obtained. Therefore, all of the monochloro-substituted
derivatives, 12b−d and 18, were evaluated for inhibitory activity
against both PAD4 and PAD3 (Table 2). Inhibitor 12b, with the
chloro substituent installed on position 7 of the indazole ring,
resulted in modestly greater inhibitory activity against both
PAD4 and PAD3. In contrast, inhibitor 12c with the chloro
substitution at position 6 resulted in both increased potency
against PAD4 and 2-fold selectivity for PAD4 over PAD3.
Inhibitors 18 and 12d with the chloro substituent at positions
4 and 5 of the ring, respectively, both provided significant
improvements in inhibitory activity against PAD4 and with
relatively modest improvements in selectivity over PAD3.
We next explored the summation of the effects of the chloro
substitution in 12c and 18 by evaluating the dichloro indazole
inhibitor 12e. Interestingly, inhibitor 12e resulted in
considerable improvement in PAD4 inhibitory activity while
at the same time providing 7-fold selectivity over PAD3.
Moreover, a high level of selectivity over PAD1 and PAD2 was
maintained.
Based on the observation that placement of a chloro substit-

uent at position 5 in inhibitor 12c resulted in the greatest improve-
ment in PAD4 potency and also improved selectivity, we
hypothesized that the trichloro analog 24might result in further
enhancement (Scheme 4). The preparation of 24was synthetically

more challenging and lengthier than the other chloro derivatives.
Aniline 19was first converted to aryl fluoride 20 by diazotization
and treatment with HBF4.

28 Ortho-directed metalation followed
by addition of 4-chlorobutanenitrile then provided ketone 21.29

Azide displacement of the alkyl chloride followed by hydrazone
condensation and SNAr-mediated cyclization generated azido
4,5,6-trichloroindazole intermediate 22. N-Alkylation with
cyclopentylmethyl bromide provided 23. Finally, reduction of
the azide to the amine group followed by addition of ethyl-
2-chloroacetimidate furnished inhibitor 24. Indeed, the
trichloroindazole inhibitor 24 further enhanced PAD4 potency
and selectivity, making it the best inhibitor in this series
(Table 2).

We next evaluated the ability of 24 to inhibit PAD4 activity in
cells by monitoring its effect on the level of histone H4
citrullination in differentiated HL-60 cells. PAD4 is naturally
overexpressed in mature HL-60 derived granulocytes and is also
known to citrullinate H4 upon stimulation with calcium
ionophores.30 Western blots of cell lysates visualized with an
anticitrulline histone H4 antibody showed that citrullination of
H4 was significantly attenuated in cells treated with as little as
5 μM 24. The reduced levels of citrullinatedH4 induced by 10μM
or 5 μM 24were also compared to those induced by Cl-amidine,
the most extensively used pan-PAD inhibitor (Figure 3).

Qualitative analysis of the Western blot indicated that the
PAD4 selective inhibitor 24 is more potent than pan-PAD
inhibitor Cl-amidine.
In summary, we synthesized and evaluated a series of

N-alkylated indole chloroacetamidine inhibitors as potential
PAD4 inactivators. Replacement of the indole heterocycle core
with indazole and derivatization around the indazole ring with
chloro substituents then led to the identification of trichlor-
oindazole inhibitor 24 with high inhibitory activity and greater
than 10-fold selectivity for PAD4 over the other three PAD
isozymes. Inhibitor 24 was also evaluated for activity in cells and
inhibited PAD4-mediated H4 citrullination at low micromolar
concentrations. Exploration of other substituents about the
indazole ring might be expected to result in further increases in
inhibitor potency and PAD selectivity.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acsmedchemlett.8b00283.

Complete experimental procedures, characterization data
for all compounds, IC50 and kinact/KI data for inhibitors,
HL-60 cell culture and differentiation, and PAD4 inhibition
assays and analysis (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: jonathan.ellman@yale.edu.
ORCID
Alanna Schepartz: 0000-0003-2127-3932
Jonathan A. Ellman: 0000-0001-9320-5512

Scheme 4. Synthesis of 4,5,6-Trichloroindole Inhibitor 24a

aReagents and conditions: (a) NaNO2, H2O, HCl, 30 min; (b) 48% aq.
HBF4, 1.5 h; (c) lithium diisopropylamide (LDA), THF, −78 °C, 2 h;
(d) ZnCl2, THF, −78 to −10 °C, 4 h; (e) CuCl, THF; (f) 4-chloro-
butanoyl chloride, overnight; (g) NaN3, DMF, 50 °C, overnight;
(h) hydrazine monohydrate, DME, reflux, overnight; (i) NaH, DMF,
0 °C, 30 min to 1 h; (j) cyclopentylmethyl bromide, DMF, 0 °C to rt,
1 to 2 h; (k) SnCl2, CH3OH, overnight; (l) ethyl-2-chloroacetamidate·
HCl, Et3N, CH3OH, rt, 1 to 2 h.

Figure 3. Evaluation of Cl-amidine and 24 in HL-60 granulocytes after
stimulation with the calcium ionophore A23187.
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