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Abstract

Protein arginine deiminases (PADs) catalyze the post-translational deimination of peptidyl
arginine to form peptidyl citrulline. This modification is increased in multiple inflammatory
diseases and in certain cancers. PADs regulate a variety of signaling pathways including apoptosis,
terminal differentiation, and transcriptional regulation. Activity-based protein profiling (ABPP)
probes have been developed to understand the role of the PADs in vivo and to investigate the effect
of protein citrullination in various pathological conditions. Furthermore, these ABPPs have been
utilized as a platform for high-throughput inhibitor discovery. This review will showcase the
development of ABPPs targeting the PADs. In addition, it provides a brief overview of PAD
structure and function along with recent advances in PAD inhibitor development.

1 Introduction

Protein citrullination was first described by Rogers and Simmonds in 1958 (Fig. 1a) (Rogers
and Simmonds 1958). This post-translational modification (PTM) converts an arginine
residue into a citrulline via hydrolysis of the guanidinium group in a so-called deimination
reaction.

This PTM is generated by a family of calcium-dependent enzymes called protein arginine
deiminases (PADs) (Bicker and Thompson 2013; Fuhrmann et al. 2015; Fuhrmann and
Thompson 2016). There are five human PADs, i.e., PAD1, PAD2, PAD3, PAD4, and PADS,
of which only PADs 1-4 are catalytically active (Raijmakers et al. 2007; Taki et al. 2011;
Witalison et al. 2015). These isozymes, which share 50-55% sequence identity within the
same species (Arita et al. 2004), are found in a myriad of cells and tissue types. PAD1 is
highly expressed in epidermis and uterus and is thought to citrullinate keratins and filaggrins
during skin keratinization (Ishida-Yamamoto et al. 2002; Senshu et al. 1996). PAD2 is
distributed in various tissues and is abundant in muscles and brain (Moscarello et al. 2002).
PAD3 is found in hair follicles and epidermis (Rogers et al. 1997), whereas PAD4 is
expressed in neutrophils, granulocytes and macrophages (Nakashima et al. 1999). PADSG is
only found in oocytes and embryos (Esposito et al. 2007). In addition to their localization in
the cytoplasm, PAD1, PAD2, and PAD4 also localize to the nucleus where they citrullinate
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histones and other chromatin-associated proteins (Cherrington et al. 2010; Fuhrmann et al.
2015; Jang et al. 2011; Kan et al. 2012; Lewallen et al. 2015).

Citrullination can have profound effects on the primary, secondary, and tertiary structures of
proteins due to the loss of a positive charge. Additionally, this PTM can result in the loss of
protein—protein or protein-DNA interactions with consequent effects on cell signaling
(Clancy et al. 2017; Fuhrmann et al. 2015; Lewis and Nacht 2016). Notably, the PADs
regulate various biological processes, including myelination, cell differentiation, gene
regulation, and the innate immune response (Bicker and Thompson, 2013; Christophorou et
al. 2014; Li et al. 2010; Nauseef and Borregaard, 2014; Senshu et al. 1996; Slade et al.
2014). Additionally, aberrant PAD activity can lead to protein hypercitrullination, which is a
hallmark of various inflammatory and neurodegenerative disorders (Jang et al. 2008; Jones
et al. 2009; Khandpur et al. 2013; Knight et al. 2013, 2014; Leffler et al. 2012; Musse et al.
2008).

Specifically, citrullination occurs during NETosis, a proinflammatory form of cell death that
is aberrantly upregulated in numerous autoimmune diseases including RA, atherosclerosis,
and lupus (Khandpur et al. 2013; Knight et al. 2013, 2014). Protein citrullination is also
elevated in luminal breast cancer, multiple sclerosis and certain inflammatory diseases
(Jones et al. 2009; McElwee et al. 2012; Moscarello et al. 2002; Zhang et al. 2012).
Importantly, inhibition of PAD2 in breast cancer cell lines decreases disease progression by
increasing apoptosis (McElwee et al. 2012). Recently, PAD1 was shown to be overexpressed
in human triple-negative breast cancer lines (e.g., MDA-MB-231 cells) as well as in
xenograft mouse models and its inhibition resulted in reduced cell proliferation and
metastasis (Qin et al. 2017). PAD2 and PAD4 are also activated in the central nervous
system (CNS) during neurodegenerative processes and are observed to be co-localized in
regions of degraded neurons in Alzheimer’s patients (Acharya et al. 2012; Ishigami et al.
2005). The distinct roles of the PADs in various pathophysiologic states are quite alarming,
and there is a pressing need to develop isozyme-specific inhibitors to be used as therapeutics
and probes to decipher the physiological roles of these enzymes in various disease states.
This review will focus on the discovery and development of PAD-targeted ABPPs. It will
also provide a brief overview of the structure and function of the PADs and recent progress
in PAD inhibitor development.

2 PAD Structure and Function
2.1 PAD Structures

One of the major advances that aided the development of PAD inhibitors and activity-based
probes was the determination of high-resolution X-ray crystal structures for PAD1, PAD2,
and PADA4 (Arita et al. 2004; Saijo et al. 2016; Slade et al. 2015). PADs contain an a/p
propeller domain located in the C-terminal lobe that harbors the active site. The N-terminal
domain is comprised of two immunoglobulin-like subdomains that are proposed to be
important for protein—protein interactions and for substrate selection (Fig. 1b) (Arita et al.
2004; Fuhrmann et al. 2015). Crystal structures of both the inactive (apo, calcium-free) and
active (holo, calcium-bound) states of PAD2 and PAD4 have been reported confirming that
calcium binding is required to form a catalytically competent active site (Fig. 1b). A
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significant difference between the apo and holo states is the position of the catalytic cysteine
(C647 in PAD2 and C645 in PAD4), which moves = 10 A into the active site upon calcium
binding (Fig. 1b—d). From a careful analysis of the crystal structures, we know that PAD1,
PAD2, and PAD4 bind four, six, and five calcium ions, respectively—PAD lacks Ca5 and
PAD2 has a unique sixth site, i.e., Ca6. Based on calcium titration experiments with PAD2,
we know that Cal and Caé6 are tightly and constitutively bound to PAD2. Ca3, Ca4, and Ca5
bind next and trigger a conformational change that generates the Ca2-binding site. Ca2
binding then triggers a conformational change that moves C647, as well as W347, into
catalytically competent conformations (Slade et al. 2015).

2.2 PAD Substrate Recognition and Catalytic Mechanism

PADs are highly selective in citrullinating peptidyl arginine over free arginine (Knuckley et
al. 2010a). However, not all arginine residues are equally citrullinated by the PADs.
Evidence suggests that PADs preferentially catalyze the citrullination of arginine residues
present in a p-turn or in specific loops as compared to other secondary structure elements in
a protein (Knuckley et al. 2010a; Tarcsa et al. 1996). PADs are also known to catalyze the
citrullination of arginine containing small peptides. A structure of the PAD4 (C645A) bound
to benzoyl-L-arginine amide (BAA) depicts the key residues that interact with the substrate
(Arita et al. 2004). As shown in Fig. 1c, D473 and D350 make salt bridges with the
guanidinium group of the substrate, C645A is positioned for nucleophilic attack, and H471
is involved in general acid/base catalysis. The methylene groups of the substrate side chain
make hydrophobic interactions with W347 and VV469. R374 makes hydrogen bonding
interactions with the backbone carbonyl group of the substrate. This is a notable interaction
as it confers specificity toward peptidy! arginine as opposed to free arginine, which lacks an
amide bond. This observation was further confirmed by crystal structures of PAD4 bound to
various histone substrate peptides, which illustrated that most of the interactions occur
between the backbone carbonyl groups of the substrate and the side chain of the active-site
residues (Arita et al. 2006). The lack of relevant interactions between the side chain of
protein substrates and PAD4 is consistent with the broad substrate scope of PAD4. The
substrate scope of the other PADs is similarly broad suggesting that substrate recognition is
driven primarily by sequence context rather than key side chain interactions.

Based on the available crystal structures and biochemical experiments (Arita et al. 2004;
Knuckley et al. 2007, 20104, b), we proposed that PAD4 catalyzes citrulli-nation via attack
on the guanidinium carbon by a nucleophilic cysteine thiolate, which results in the formation
of a tetrahedral intermediate (Fig. 1e). Proton transfer from H471 stabilizes the positively
charged intermediate via interactions with D350 and D473 (Knuckley et al. 2010b). Collapse
of the intermediate generates an S-alkylthiouronium intermediate that is ultimately
hydrolyzed by water via a second tetrahedral intermediate. The thiol group in the catalytic
cysteine needs to be deprotonated for optimal enzyme activity. Based on pH-dependent
kinetic inactivation studies, the pKa of this cysteine was calculated to be ~8.3 when
iodoacetamide was used as the thiol-reactive reagent (Dreyton et al. 2014b; Knuckley et al.
2007, 20104, b). This data coupled with the observation of an inverse solvent isotope effect
on kcat/Km supports the notion that PAD4 (as well as PADs 1 and 3) uses a reverse
protonation mechanism. Further supporting this mechanism is the fact that 2-
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chloroacetamidine, a positively charged thiol-reactive compound, does not depress the pKa
of C645 in PAD4 (Knuckley et al. 2010b). By contrast, 2-chloroacetamidine does depress
the pKa of C647 in PAD2 (pKa~ 7.2) (Dreyton et al. 2014b). This data along with a normal
solvent isotope effect indicates that PAD2 uses a substrate assisted mechanism of thiol
deprotonation (Dreyton et al. 2014b).

3 PAD Inhibitors

Over the past several years, numerous PAD inhibitors have been developed. These
compounds include both reversible and irreversible inhibitors with decent potencies and
selectivities. The mechanisms of action have been extensively studied using biochemical and
X-ray crystallographic techniques. This section will provide an overview of both reversible
(non-covalent) and irreversible (covalent) PAD inhibitors.

3.1 Reversible PAD Inhibitors

Taxol (pacitaxel) was discovered as a weak non-competitive inhibitor (Ki = 4-10 mM) of
PADA4 by Pritzker and Moscarello two decades ago. This finding sparked the beginning of
further PAD inhibitor development (Pritzker and Moscarello 1998). Knuckley et al. later
discovered streptomycin (Ki ~ 0.56 mM), minocycline (Ki ~ 0.63 mM), and
chlorotetracycline (Ki ~ 0.11 mM) as relatively potent inhibitors of PAD4 (Knuckley et al.
2008). Recently, Lewis et al. reported the development of highly potent reversible inhibitors
that are selective for the apo form of PAD4 (Lewis et al. 2015). A DNA-encoded small
molecule library screen for PAD inhibitors in the presence and absence of calcium yielded
GSK121 as a modest inhibitor of apo PADA4. A detailed SAR for the primary hit resulted in
optimized leads GSK199 and GSK484, which inhibited PAD4 with IC50 values of 250 nM
and 80 nM, respectively, in the presence of 0.2 mM Ca?* (Fig. 2a). The potencies of these
compounds were, however, reduced by >fivefold at higher calcium concentrations. Detailed
kinetic analyses and a co-crystal structure indicate that these inhibitors are competitive with
respect to calcium binding and preferentially bind the apo form of PAD4, thereby preventing
the calcium-induced movement of Cys645 into the active site. Not only did these inhibitors
demonstrate more than 15-fold selectivity for PAD4, but they also revealed a unique
approach for targeting the apo state of a specific PAD isoform. Importantly, GSK199 shows
efficacy in the murine collagen induced arthritis model of RA (Willis et al. 2017).

Irreversible PAD Inhibitors

The search for irreversible covalent inhibitors of PAD isoforms began with the discovery of
2-chloroacetamidine, a time-dependent inactivator of PAD4 with an 1C50 > 0.5 mM. In
parallel, Luo et al. replaced the guanidinium group in the PAD substrate benzoyl-L-arginine
amide (BAA) with either a fluoro- or chloroacetamidine-based warhead, thereby generating
F-amidine (1a) or Cl-amidine (1b), respectively (Fig. 2b) (Luo et al. 20064, c). Kinetic
studies revealed that both F-amidine and Cl-amidine function as mechanism-based inhibitors
that irreversibly inactivate PAD4 by modifying the catalytic cysteine in a time-dependent
manner. Interestingly, Cl-amidine was more potent than F-amidine when evaluated against
all PAD isoforms (except PADG6, which is not active), consistent with the increased reactivity
of the chloro-warhead over the fluoro-warhead. More importantly, Cl-amidine showed
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efficacy in treating a variety of animal models, including mouse models of RA, lupus,
atherosclerosis, ulcerative colitis, neuron injury, and breast cancer (Willis et al. 2011; Knight
et al. 2013, 2014, 2015; Lange et al. 2011) (Chumanevich et al. 2011; McElwee et al. 2012).

Optimization of F-amidine and Cl-amidine resulted in the identification of the more potent
ortho-carboxylate derivatives o-F-amidine (1c) and o-Cl-amidine (1d) (Causey et al. 2011).
The increased potency of 1c and 1d against PAD4 was found to be due to enhanced
interactions between the o-carboxylate groups and the indole NH of W347 as well as a
water-mediated hydrogen bond with the side chain of Q346 (Causey et al. 2011). From an
extensive tripeptide library screen, the haloacetamidine-based peptides, TDFA (2a) and
TDCA (2b) (Fig. 2b), were discovered to be potent and selective PAD4 inactivators (Jones et
al. 2012). The improved inhibition of these peptides was attributed to their interaction with
Q346, R374, and R639 in PAD4. Interaction with R639 was looked upon as key for
selectivity against PAD4 as this residue is unique to this isozyme. From a fluorescence
polarization activity-based high-throughput screen (HTS), assay streptonigrin (3) was also
found to be a selective inhibitor of PAD4 (Dreyton et al. 2014a; Knuckley et al. 2010c).

Despite these early advances, the peptidic nature of these first-generation haloacetamidine-
based inhibitors possessed various limitations, including reduced metabolic stability due to
proteolytic cleavage and poor membrane permeability (Knight et al. 2015). This led to the
development of second-generation inhibitors that were predicated on improving the
lipophilicity of the core structure by substituting the C-terminal carboxamide in 1aand 1b
with a benzimidazole moiety and the N-terminal phenyl ring with a biphenyl substituent
resulting in BB-F-amidine (5a) and BB-Cl-amidine (5b) (Figs. 1d and 2b) (Knight et al.
2015; Muth et al. 2017). This led to a dramatic increase in the lipophilicity of BB-CI-
amidine (CLogP = 4.17) as compared to Cl-amidine (CLogP = -0.23), which was predicted
to aid cell entry (Knight et al. 2015). Consistent with this prediction, BB-Cl-amidine was far
superior when compared to Cl-amidine in a variety of cell-based assays and animal models
but showed similar in vitro efficacy (Ghari et al. 2016; Horibata et al. 2015; Kawalkowska et
al. 2016; Knight et al. 2015). Recently, Muth et al. reported a detailed SAR for 5a and 5b
with a methyl benz-imidazole scaffold that included a lactam ring in place of N-terminal
phenyl group (Muth et al. 2017). The most potent inhibitors 6a and 6b exhibited excellent
PAD2 selectivity (up to 106-fold) and proved to be potent in several cell-based assays (Fig.
2b) (Muth et al. 2017).

The search for other PAD isoform-selective inhibitors led to the discovery of pb-F-amidine
(4a) and p-Cl-amidine (4b) (Fig. 2b), the p-ornithine derivatives of 1a and 1b, which
exhibited remarkable selectivity against PAD1 (400-fold by 4a and 200-fold by 4b) (Bicker
et al. 2012a). p-Cl-amidine also demonstrated improved metabolic stability as compared to
Cl-amidine (Bicker et al. 2012a). Furthermore, Jamali et al. identified a novel scaffold (7)
through a substrate-based fragment screen, inhibitor, which was potent and selective for
PAD3 (Fig. 2b) (Jamali et al. 2015, 2016). In addition to the in vitro selectivity, the
hydantoin-based inhibitor (7) also demonstrated efficacy in a cellular model of thapsigargin
induced cell death in PAD3-expressing HEK293T cells (Jamali et al. 2016).
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4 Activity-Based Proteomic Probes Targeting the PADs

The ability of haloacetamidine-based inhibitors to covalently modify PADs in an irreversible
manner was considered to be a prerequisite for the development of activity-based probes. In
addition to a chemical warhead that reacts with functional sites in proteins, activity-based
probes also bear chemical handles, such as fluorophores, biotin, or alkynes for subsequent
fluorescent visualization, streptavidin enrichment and mass spectrometry-based
quantification or bio-orthogonal conjugation, respectively, for subsequent analysis of protein
activities (Fig. 3a). An overview of the development of PAD-targeted ABPPs is described
below.

4.1 First-Generation PAD-Targeted ABPPs

First-generation PAD-targeted ABPPS were based on the structure of Cl-amidine and F-
amidine. Replacement of the benzoyl group with a p-benzylic azide facilitated their
conjugation to rhodamine—alkyne via the formation of a triazole linker to generate
rhodamine-conjugated F-amidine (RFA) and rhodamine-conjugated Cl-amidine (RCA) (Fig.
3b) (Luo et al. 2006b). RFA and RCA preferentially labeled the calcium-bound holo form of
PAD4 and do not modify the C645S active-site mutant (Luo et al. 2006b). These probes are
as potent as the parent compounds suggesting that the fluorophore does not alter enzyme
binding (Luo et al. 2006b). The versatility of RFA and RCA was further demonstrated
through the development of a competitive gel-based ABPP-assay, which was used to identify
novel PAD inhibitors from diverse chemical libraries (Knuckley et al. 2008). Using this
strategy, Knuckley et al. discovered streptomycin as a competitive inhibitor and
chlorotetracycline as a mixed inhibitor of PAD4 (Knuckley et al. 2008).

The success of this RFA-based screening strategy led to the development of an RFA-based
high-throughput screen (HTS), termed a fluorescence polarization activity-based protein
profiling (fluopol-ABPP)-based HTS assay (Fig. 3c) (Knuckley et al. 2010c). This assay
monitors changes in fluorescence polarization (fluopol) as a result of RFA binding to PADA4.
Since the RFA-PADA4 complex rotates slowly, there is a larger change in the fluorescent
polarization signal. In contrast, unbound RFA rotates faster and leads to a smaller change in
the fluorescence polarization signal. In the case of an inhibitor bound to PAD4, RFA-PAD4
binding will be hampered, resulting in a lower fluopol signal (Knuckley et al. 2010c). Using
this strategy, Knuckley et al. screened more than 2000 compounds and identified 10
inhibitors, from which streptonigrin (3) was discovered as a potent and selective inhibitor of
PAD4. Despite the utility of this RFA-based HTS assay, the methodology suffered
limitations including a strong bias toward irreversible inhibitors that preferentially targeted
the active holo form of PADA4.

To overcome this limitation, Lewallen et al. developed a modified approach to identify
inhibitors that targeted the apo, calcium-free, form of PAD2 (Lewallen et al. 2014).
Specifically, they performed the screen at lower Ca2* concentrations (350 uM CaCl,) and
screened the 1280 compound LOPAC library (Sigma-Aldrich Library of Pharmacologically
Active Compounds). Using this approach, Lewallen et al. identified ruthenium red as a
calcium competitive inhibitor that binds to the apo form of PAD2 (Lewallen et al. 2014). In
the future, this RFA-based screening strategy could be used to identify isoform-specific PAD
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inhibitors from various compound libraries. Furthermore, this approach will be useful for the
discovery of allosteric inhibitors that target alternate sites in PAD isoforms, similarly to the
PAD4-selective inhibitors GSK199 and GSK484.

4.2 Second-Generation PAD-Targeted ABPPs

A major drawback of the rhodamine-based probes RFA and RCA is that they are not ideal
cellular probes due to the presence of a bulky fluorophore, which may alter their cell
permeability. To circumvent this issue, Slack et al. employed a bio-orthogonal strategy that
involved the conjugation of fluorescein and biotin-based reporters to F-amidine and Cl-
amidine using the copper(l)-catalyzed azide—alkyne cycloaddition (CUAAC) reaction (Slack
et al. 2011). Development of fluorescein-based ABPPs, in addition to the rhodamine-based
ABPPs, in principle, generates tools that allow for the optimal visualization of labeled
proteins across the entire pH spectrum. To achieve this, Slack et al. synthesized azide and
alkyne containing F-amidine and Cl-amidine (8a and 8b) and used them to label
recombinant PAD4 and PAD4 in Escherichia coli cell extracts (Fig. 3d). The labeled samples
were then subjected to click-chemistry using the corresponding azide or alkyne fluorescein
reporter tags to obtain post-inactivated ABPPs bound to PAD4 that were visualized by
fluorescence. F-amidine and Cl-amidine containing an alkyne handle demonstrated efficient
post-inactivation click-chemistry as compared to their azide counterparts and proved to be
selective for PADA4 in E. coli cell lysates (Fig. 3a, d). Despite their utility in the efficient
detection of PAD4 by fluorescent visualization, these fluorescein-based ABPPs were not
useful for isolating PAD4 or to identify PAD4-interacting proteins in biological samples
(Slack et al. 2011).

To demonstrate efficient isolation of PAD4 from bacterial (£. co/i) and mammalian (e.g.,
MCF-7 and HL60) cells, Slack et al. treated the cell lysates with F-amidine-Y-ne and CI-
amidine-Y-ne and employed a TEV-tagged biotin—azide reporter to perform post-inactivation
click-chemistry (Slack et al. 2011). The subsequent pulldown of the probe-modified proteins
using streptavidin—agarose and Western blot established the utility of these biotin—azide
reporter tags in isolating the active form of PAD4 and identifying several known PADA4-
binding proteins, including HDAC1, p53, and histone H3. The approach was also used to
isolate PAD4 from HL60 granulocytes, suggesting a potential future role for these ABPPs in
identifying the post-translational modifications that occur to the PADs under various
physiological conditions.

Building on the success of the second-generation inhibitors BB-F-amidine and BB-CI-
amidine as cell-permeable and metabolically stable pan-PAD inhibitors, we next developed
clickable probes based on this scaffold (Nemmara et al. 2018). Specifically, Nemmara et al.
developed alkyne containing derivatives of BB-F-amidine and BB-Cl-amidine, which are
termed BB-F-Yne (9a) and BB-CI-Yne (9b). These probes are as potent as the parent
compounds (5a and 5b) and can label PAD2 in HEK cells (Fig. 3a, ). The versatility of
these probes was verified by their ability to pull down PAD2 from HEK cell lysates after
post-inactivation click-chemistry with biotin—-azide. Furthermore, using a chemoproteomic
approach, we demonstrated that BB-F-Yne, which possesses a fluoroacetamidine warhead,
is remarkably selective for PAD2 in HEK cells—the only protein isolated was PAD2. By

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2019 January 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nemmara and Thompson Page 8

contrast, BB-CI-Yne has a few ‘off-targets’ in addition to PAD2. Most of the off-targets are
highly abundant proteins with reactive cysteines, i.e., ‘the usual suspects’ that are found in
other proteomic screens that use cysteine-reactive electrophiles (Weerapana et al. 2007,
2010). Projecting forward, it will be worthwhile to assess the potential of future ABPPs
harboring a fluoroacetamidine warhead, especially, for the selective detection of PAD
isoforms in complex biological systems as well as in identifying novel proteins and
signaling pathways associated with PAD biology.

4.3 Phenylglyoxal-Based Probes to Detect Protein Citrullination

Given that aberrant citrullination is a hallmark of various autoimmune diseases and certain
tumor types, it is important to develop protein detection methods to identify citrullinated
proteins in complex biological systems. Due to the low abundance of this PTM in biological
samples, the enrichment of citrullinated proteins by chemical derivatization improves
detection. It should be noted that the detection of citrullinated proteins by mass spectrometry
is also challenging because the 1 Da mass change is easily confused with a deamidation
event or an isotope effect. To improve the MS-based detection of citrullinated proteins,
Holm et al. showed that selective derivatization of the urea group in citrulline is possible
with 2,3-butanedione alone or in combination with antipyrine (De Ceuleneer et al. 2011;
Holm et al. 2006). These modifications resulted in a mass increase of 50 or 238 Da, which is
readily detected by MS, thereby differentiating citrullinated peptides from other arginine
containing ones. However, this methodology does not facilitate the enrichment of
citrullinated proteins or peptides.

Building upon this concept, Bicker et al. developed a citrulline-specific probe by linking
rhodamine and phenylglyoxal via a triazole linker. This compound rhodamine—
phenylglyoxal (Rh-PG) specifically labels citrullinated proteins under acidic conditions
(Bicker et al. 2012b) (Fig. 4a, b). Rh-PG was able to monitor the Kinetics of protein
citrullination of PAD4 substrates (e.g., histone H3) due to its low limit of detection (LOD ~
600 fmol for citrullinated histone H3). In addition, Bicker et al. used Rh-PG to detect
citrullinated proteins in a mouse model of ulcerative colitis treated with and without a PAD
inhibitor. Notably, several proteins showed reduced citrullination in the presence of inhibitor,
suggesting they could be useful biomarkers of ulcerative colitis (Fig. 4a). Using Rh-PG,
Bawadekar et al. also quantified citrullinated proteins in lysates in a mouse model of TNF-a
induced lung inflammation and showed that PADs other than PADA4 are responsible for
inflammation-mediated protein citrullination in lungs (Bawadekar et al. 2016). Moreover,
Carmona-Rivera et al. used Rh-PG to show that citrullinated proteins are abundantly
generated during NET formation induced by either IgM or rheumatoid factor (Carmona-
Rivera et al. 2017). In total, Rh-PG is a powerful probe for the robust quantification of
citrullinated proteins and can be used to characterize unique disease biomarkers in various
autoimmune diseases.

To extend the versatility of these phenylglyoxal-based probes, Lewallen et al. developed
biotin-conjugated phenylglyoxal (BPG). This probe serves as an antibody surrogate for
Western blotting and as a chemical handle to isolate citrullinated proteins from biological
mixtures (Fig. 4a, b) (Lewallen et al. 2015). Using this probe, numerous citrullinated
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proteins were identified for the first time from PAD2-expressing HEK293T cells treated with
ionomycin. These novel PAD substrates included multiple proteins involved in RNA
splicing, suggesting a potential role for the PADs in this process (Lewallen et al. 2015).
More recently, Tilvawala et al. used BPG to map the RA-associated citrullinome in serum,
synovial fluid, and synovial tissue samples (Tilvawala et al. 2018). In addition to identifying
more than 150 novel citrullinated proteins, they developed a BPG-based ELISA assay to
validate the proteomic data. Among the various proteins identified, there were numerous
SERPINSs (SERine Protease INhibitors) and metabolic enzymes. Fascinatingly, Tilvawala et
al. demonstrated that citrullination inactivates a subset of SERPINs and modulates the
activity of a range of metabolic enzymes. Specifically, citrullination of antiplasmin, C1-
inhibitor and tissue plasminogen inhibitor (t-PAI) abolished their inhibitory activity against
their cognate proteases, i.e., plasmin, kallikrein, and tissue plasminogen (t-PA).

An important limitation of this probe is that in its current form, it is not possible to identify
the exact site of citrullination in target proteins. Moreover, it does not distinguish between

citrullination and lysine carbamylation. In the future, development of phenylglyoxal-based
probes that can identify endogenous sites of citrullination should be a priority.

5 Conclusions

Over the past several years, chemical labeling has produced a wealth of novel technologies
to identify the biological roles of a variety of proteins. Activity-based protein profiling
(ABPP) is one such technique that has become a centerpiece of chemical biology. The
discovery of RFA, a haloacetamidine-based ABPP, has led to the development of high-
throughput assay platforms for identifying isoform-selective PAD inhibitors. Moreover, the
first-generation PAD-targeted ABPPs, F-amidine-Yne (8a) and Cl-amidine-Yne (8b), were
able to label PAD4 in cells and isolate PAD4-binding proteins. Remarkably, the second-
generation PAD-targeted ABPPs, BB-F-Yne (9a) and BB-CI-Yne (9b), showed enhanced
cellular uptake and efficient labeling of PADs in cells (Fig. 3e). Perhaps the most exciting
discovery is the superior selectivity of fluroacetamidine-based probes toward PADs in cell
systems, a finding that is counterintuitive to the historical perception that covalent inhibitors
are non-selective in nature. We predict that these fluoroacetamidine-based probes will be
used to detect the PADs in complex biological milieus and in identifying pathways that
regulate PAD activity. Recent advances in chemical labeling techniques have also led to the
development of citrulline-specific probes to detect protein citrullination in a variety of
disease states. The citrulline-specific probes Rh-PG and BPG have proved to be powerful
tools to detect and quantify protein citrullination in complex systems. We predict that these
probes have the potential to transform our understanding of PAD biology by uncovering
novel citrullinated biomarkers associated with a range of pathophysiological states. Finally,
we expect the next-generation citrulline-specific probes will enable the identification of
specific sites of citrullination.
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Fig. 1.

a gAD-cataIyzed hydrolysis of peptidyl arginine to peptidy! citrulline. b Backbone
conformation of PAD2 showing both the apo and holo forms that is generated upon calcium
binding. The structural change due to calcium binding is clearly evident in the catalytic
domain (green), which harbors the catalytic cysteine C647 (shown in red in the catalytic
domain). ¢ Crystal structure of PAD4 C654A protomer bound to the substrate BAA (PDB
code 1WDA). d Co-crystal structure of BB-F-amidine (5a) bounds to PAD4 (PDB code 5NO
M). e Proposed catalytic mechanism for PAD4
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a Structure of reversible PAD4 inhibitors. The 1C50 values for each compound with PAD4
are shown underneath. These compounds are >15-fold selective for PAD4. b Structure of
irreversible PAD inhibitors. The generic warhead on the irreversible inhibitors is colored in
pink. The second-order rate constants for PAD inactivation by covalent inhibitors are shown

in the table
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Fig. 3.
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a Schematic representation depicting the use of clickable ABPPs. b Chemical structures of
RFA and RCA. c Schematic overview of the fluorescence polarization assay using RFA as

an ABPP for high-throughput inhibitor discovery. d Structures of first-generation ‘clickable

PAD-targeted ABPPs. Labeled probes are subjected to click-chemistry using fluorescein
reporters through a post-inactivation strategy. e Structures of second-generation “clickable’

PAD-targeted ABPPs. Probe-labeled proteins are subjected to click-chemistry using

TAMRA azide reporter through a post-inactivation strategy
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Fig. 4.
a Chemical structures of Rh-PG and BPG and the chemoselective reaction of Rh-PG with

citrulline under acidic conditions. b Schematic representation of the strategy for the
chemical derivatization of peptidyl citrulline using Rh-PG and biotin PG
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