1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Acc Chem Res. Author manuscript; available in PMC 2020 March 19.

-, HHS Public Access
«

Published in final edited form as:
Acc Chem Res. 2019 March 19; 52(3): 818-832. doi:10.1021/acs.accounts.9b00024.

Protein Arginine Deiminases (PADs): Biochemistry and Chemical
Biology of Protein Citrullination

Santanu Mondall:2 and Paul R. Thompson1.2*

1Department of Biochemistry and Molecular Pharmacology, UMass Medical School, 364
Plantation Street, Worcester, MA 01605, USA

2Program in Chemical Biology, UMass Medical School, 364 Plantation Street, Worcester, MA,
01605, USA.

Conspectus

Proteins are well-known to undergo a variety of post-translational modifications (PTMs). One
such PTM is citrullination, an arginine modification that is catalyzed by a group of hydrolases
called protein arginine deiminases (PADs). Hundreds of proteins are known to be citrullinated and
hypercitrullination is associated with autoimmune diseases including rheumatoid arthritis (RA),
lupus, ulcerative colitis (UC), Alzheimer’s disease, multiple sclerosis (MS) and certain cancers. In
this Accounts, we summarize our efforts to understand the structure and mechanism of the PADs
and to develop small molecule chemical probes of protein citrullination. PAD activity is highly
regulated by calcium. Structural studies with PAD2 revealed that calcium-binding occurs in a
stepwise fashion and induces a series of dramatic conformational changes to form a catalytically
competent active site. These studies also identified the presence of a calcium-switch that controls
the overall calcium-dependence and a gatekeeper residue that shields the active site in the absence
of calcium. Using biochemical and site-directed mutagenesis studies, we identified the key
residues (two aspartates, a cysteine, and a histidine) responsible for catalysis and proposed a
general mechanism of citrullination. Although all PADs follow this mechanism, substrate-binding
to the thiolate or thiol form of the enzyme varies for different isozymes. Substrate specificity
studies revealed that PADs 1-4 prefer peptidyl-arginine over free arginine and certain citrullination
sites on a peptide substrate.

Using high-throughput screening and activity-based protein profiling (ABPP), we identified
several reversible (streptomycin, minocycline and chlorotetracycline) and irreversible
(streptonigrin, NSC 95397) PAD-inhibitors. Screening of a DNA-encoded library and lead-
optimization led to the development of GSK199 and GSK484 as highly potent PAD4-selective
inhibitors. Furthermore, use of an electrophilic, cysteine-targeted haloacetamidine warhead to
mimic the guanidinium group in arginine afforded several mechanism-based pan-PAD-inhibitors
including Cl-amidine and BB-Cl-amidine. These compounds are highly efficacious in various
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animal models, including those mimicking RA, UC and lupus. Structure-activity relationships
identified numerous covalent PAD-inhibitors with different bioavailability, /n vivo stability and
isozyme-selectivity (PAD1-selective: D-Cl-amidine; PAD2-selective: compounds 16-20; PAD3-
selective: Cl4-amidine; and PAD4-selective: TDFA).

Finally, this Account describes the development of PAD-targeted and citrulline-specific chemical
probes. While PAD-targeted probes were utilized for identifying off-targets and developing high-
throughput inhibitor screening platforms, citrulline-specific probes enabled the proteomic

identification of novel diagnostic biomarkers of hypercitrullination-related autoimmune diseases.
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Introduction

The more than 200 posttranslational modifications (PTMs) regulate all aspects of eukaryotic
cell signaling. Modifications of arginine are particularly important because arginines play
critical roles as substrate specificity determinants and in protein-protein and protein-DNA
interactions. Arginine modifications include methylation (forming MMA, SDMA and
ADMA), phosphorylation (forming p-Arg), ADP-ribosylation (forming ADP-ribosyl-Arg)
and citrullination (forming Cit) (Figure 1A).1:2 During citrullination, the positively-charged
guanidinium is hydrolyzed to the neutral urea, which alters the charge and H-bonding
potential of this residue, which can impact all of the aforementioned processes. In contrast to
most other PTMs, citrullination results in a small mass-change, +0.98 Da, rendering it
difficult to disambiguate from the deamidation of neighboring asparagines and glutamines
which results in the same mass-change.

Citrullination is catalyzed by a small family of hydrolases known as the protein arginine
deiminases (PADs).1~3 While hundreds of PAD substrates are known, the best characterized
are histones. Histones are citrullinated at various sites (Figure 1A), and these PTMs can
either activate or repress gene transcription. For example, H3R26-citrullination occurs at
estrogen receptor a (ERa) target genes and this PTM enhances ERa target gene expression
by promoting local chromatin decondensation. By contrast, H3R17 citrullination at the
ERa-regulated pS2 promoter leads to transcriptional repression by hindering the gene-
transcription-activating effects of R17 methylation. Histone citrullination also plays an
important role in DNA damage-induced apoptosis and Neutrophil Extracellular Trap (NET)-
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formation (or NETosis), a neutrophil-mediated defense mechanism against microbial
infection.#> Microbial components and/or cytokines promotes the ejection of decondensed
chromatin in the form of web-like fibrillar aggregates that can trap pathogens. NETosis can
also be induced by several external stimuli including phorbol 12-myristate 13-acetate (PMA)
and calcium ionophores.”-8 PADA4 is critical for this process because inhibition or genetic
deletion of PAD4 in neutrophils inhibits NETosis.1:2:9.10

The citrullination of fibrinogen, filaggrin, collagen, actin, keratin, B-tubulin and myelin
basic protein (MBP) is associated with various physiological processes as well as
autoimmune diseases and certain cancers. For example, citrullination is a key driver of
rheumatoid arthritis (RA) because PADs are released by neutrophils into joints, where they
citrullinate fibrinogen, filaggrin, type Il collagen, a-enolase and vimentin. These
citrullinated proteins are recognized by anti-citrullinated protein antibodies (ACPA),
resulting in the production of pro-inflammatory cytokines and recruitment of additional
immune cells that further release PADs into synovial joints, setting up a classic positive-
feedback loop.11-14 While ACPA are pathogenic and promote disease progression, they are
also important biomarkers to both diagnose and monitor disease progression. Moreover,
since ACPA are present 4-5 years before clinical onset they can be used to predict who will
develop RA. As such, PADs are novel therapeutic targets to treat RA and other autoimmune
disorders associated with aberrant protein citrullination.1516 Herein, we summarize our
efforts to understand the biochemistry of protein citrullination and develop small molecule
inhibitors and chemical probes targeting the PADs.

PAD structure and mechanism

Five isozymes — PAD1, PAD2, PAD3, PAD4 and PADG6 — are encoded by five genes arrayed
in tandem on chromosome 1.1-3 There is no PAD5 because human PAD5 was originally
misannotated and it is now recognized to be the mouse ortholog of PAD4. PADs 1-4 are
catalytically active, whereas PADG is inactive due to mutations in the active site. Despite
their high sequence-similarity, PADs exhibit tissue-specific expression (Figure 1B). While
PADs 1, 2 and 4 can enter the nucleus, only PAD4 possesses a canonical nuclear localization
signal (NLS; PsgPAKKKSTg3).12 Structures of PADs 1, 2 and 4 revealed two N-terminal
immunoglobulin domains (IgG1 and 1gG2) linked in series to a C-terminal catalytic domain
(adopting an a/ propeller fold).1”-19 Notably, PAD2 and PAD4 crystallize as head-to-tail
homodimers and both active sites are on the same face (Figure 2A).

PAD activity is tightly regulated by calcium, with calcium increasing activity by >10,000-
fold.1719 There are six calcium-binding sites in PAD2 (Cal-6; Figure 2B—2F). Cal and Ca6
are high-affinity sites (Kp < 1 uM) as calcium binds these sites even in the absence of added
calcium. The Ca6 site (Figure 2F) contains a DxDxDG calcium-binding motif, which is
characteristic of EF-hand motifs present in other calcium binding proteins. Notably, this site
is conserved amongst all PAD2 orthologues but is absent from PAD1 or PAD4, which bind
four or five calcium ions, respectively.17:18 The five other sites are structurally distinct.

Calcium titrations revealed that the Ca3-5 sites bind calcium with moderate affinity
(Kp~250-260 uM) (Figure 2E) and properly position key catalytic residues (H471, D473
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and D351) for catalysis. The exception is C647, which remains 12 A away from the catalytic
center. Ca2 is unoccupied in structures intermediate between apo-PAD2 and holo-PAD2. To
obtain the structure of holoPAD2, we mutated F221 and F222 to alanine because these
residues bind a hydrophobic pocket on an adjacent monomer in the crystal lattice and we
hypothesized that this interaction might prevent calcium binding to Ca2. This was indeed the
case and the structure of the F221/222 A mutant shows electron density at all six sites and the
movement of C647 into a catalytically competent conformation. Moreover, R347 moves out
of the active site and W348 flips in to form the substrate-binding cleft (Figure 2G).
Therefore, R347 acts as a gatekeeper, or pseudosubstrate, in the absence of calcium-binding
at Ca2. Based on these observations, we concluded that Ca3-5 act as a calcium-switch that
controls the overall calcium-dependence of the enzyme by governing the formation of the
Caz2 site, which in turn controls the formation of a catalytically competent active-site.1?

We generated Cal- (Q350A, E354A, E412A), Ca2- (E352A, D370A, D374A), Ca3-5-
(D166A, D177A, D389A) and Ca6- (D123N, D125A) site mutants to validate this
hypothesis.1® The most dramatic effect on catalysis was observed with the Cal site mutants
whose activity (k.at/ Kiy) was decreased by 2,300-3,300-fold with little effect on Ky 5 (i.e.,
the calcium concentration required for half-maximal activity). Ca2 site mutants also
exhibited decreased A.q/ K, and minimal effects on Kj 5. By contrast, the Ca3-5 mutants
showed maximal effects on Kj 5 (a 27-fold increase). Mutations in the substrate-binding site
remarkably affected catalysis — the W348A mutant was catalytically inactive, whereas the
R347A mutant was 50-fold less active than wild-type.19

PADs 1, 3 and 4 also have Kg 5 values in the micromolar range (Kp s(pap1) = 140 UM;

Ko 5(PAD3) = 550 UM; K 5(PaD4) = 560 UM) at pH 7.6 when using Na-benzoyl arginine
ethyl ester (BAEE) as the substrate.20-21 Calcium activation is cooperative and the Hill
coefficients are >1, consistent with the fact that multiple calcium ions must bind to generate
active enzyme. The calcium binding sites are well conserved in PAD1, 2 and 4 (except Ca5,
which is absent from PAD1, and Ca6, which is unique to PAD2). Although a PAD3 structure
has yet to be published, all PAD isozymes exhibit similar calcium binding kinetics,
suggesting that PADs share a common mechanism of calcium activation. Activation is
calcium-specific because other metal ions, including barium, magnesium, manganese,
strontium, samarium and zinc, do not promote catalysis.2°

BAEE, BAA and Na-benzoyl arginine methyl ester (BAME) (Table 1) are often used model
PAD-substrates.117 Detailed substrate-specificity studies suggest that BAEE and BAME are
preferred for PAD2 and PAD1, respectively, whereas BAA is the best substrate for both
PAD1 and PAD4 (Table 1). However, these arginine analogues are poor PAD3 substrates.
20-22 The structure of the PAD4C645A-BAA complex highlights how D350 and D473
stabilize the positively charged guanidinium group and place the central guanidinium carbon
between C645, positioning it for nucleophilic attack, and H471, which acts as a general acid/
base in the first step of the reaction (Figure 2H).17 The carbonyl groups in BAA form a
bidentate H-bond with R374, conferring specificity toward peptidyl-arginine substrates over
free arginine, which lacks these functionalities.
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In addition to these benzoylated-arginines, we also evaluated the citrullination of histones
H3 and H4, two physiological substrates.2%-22 The activity of PAD2 towards recombinant
histone H3 (keat/ Km = 1200 M-1s71) is almost 10-fold lower than that observed with BAEE,
the best small molecule PAD2 substrate (Table 1).22 Similarly the activity of PAD1 is almost
5-fold lower for histone H4 than BAA.21 Remarkably, histone H4 is a significantly better
PAD3-substrate indicating that it has a significantly different substrate scope than the other
PADs. Using a library of H4-tail mimics (containing the R3, R17, and R19 citrullination
sites), we investigated the role of residues surrounding the citrullination sites in substrate-
recognition. The data obtained for the citrullination of the AcH4-21, AcH4-21 R3A, AcH4-
21 R17A and AcH4-21 R19A peptides indicate that PAD1 prefers R17, while PAD3 and
PADA4 prefer both R3 and R19 (Table 1).21 Furthermore, citrullination of the C-terminal
deletion peptides derived from AcH4-21 indicates that long-range interactions and peptide-
length contribute minimally to substrate-recognition by PADs 1, 2 and 4. By contrast, the
kinetic data for BAA and histone H4 revealed that such interactions are important for
substrate-recognition by PAD3.21 Notably these studies did not identify important substrate
specificity determinants either upstream or downstream of the site of modification. This
finding is consistent with structures of PAD4 in complex with several histone tail-mimics,
which show that there are few direct interactions between the residues lining the active site
and the side chains of the substrates; most of the key contacts are with the backbone of the
substrate.!

Based on detailed biochemical and crystallographic studies, we proposed a general
mechanism of catalysis (Figure 3A).17:21.23 The reaction begins with nucleophilic attack of
an active-site cysteine (C645 in PAD1 and PAD4; C647 in PAD2; C646 in PAD3) on the
central guanidinium carbon (forming INT-1) and the protonation of the departing amine by
H471 (generating INT-2). Protonation of the amine may occur either concomitantly or in a
stepwise fashion as shown for the conversion of INT-1 into INT-2. Although hydrolysis of
INT-3 could afford either ornithine and urea (as in the case of amidinotransferases, a
structurally related enzyme family) or citrulline and ammonia, we unambiguously showed
that PADs produce citrulline and ammonia in equimolar amounts.29-23 Notably, mutation of
any of these four key residues decreases At/ Ky by >5,000-fold, indicating that substrate-
binding, nucleophilic attack and general acid-base catalysis are highly cooperative
processes.23

To gain insights into the protonation states of C645 and H471, we measured PAD4-activity
at pH values between 5.7 and 9.0.23 The plot of log Azqi/ Km Versus pH is bell-shaped and
pK; values of 7.3 and 8.2 were calculated for the ascending and descending limbs,
respectively, (Figure 3B). These two values either represent the deprotonation of C645 and
H471, respectively, or in the special case of a reverse-protonation mechanism, the
deprotonation of H471 and C645. Detailed inactivation studies with 2-iodoacetamide and 2-
chloroacetamidine (Figure 3C) indicated that the descending limb represents the
deprotonation of cysteine and, therefore, PAD4 follows a reverse-protonation mechanism,
where the inactivator preferentially binds to the thiolate form of the enzyme (Figure 3D).
PAD1 and 3 were found to follow a similar mechanism. The observation of a large inverse
solvent isotope effect (SIE) on At/ Kiy is consistent with a reverse protonation mechanism
wherein the active form of the enzyme consists of a thiolate-imidazolium ion pair. Based on
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the overlap of the titration curves for C645 and H471, only 15% of PADA4 exists in this form
at the pH optimum (Figure 3B). By contrast, PAD2 employs a substrate-assisted mechanism
wherein the substrate guanidinium generates the reactive thiolate by depressing the pKj; of
C647 viafavorable electrostatic interactions. This mechanism is supported by the
observation of both a small inverse SIE and the fact that 2-chloroacetamidine depresses the
pK; of C647 by a full log unit relative to 2-iodoacetamide (pKj; = 7.2 versus 8.2,
respectively) (Figure 3D).22

PAD-inhibitors

Multiple PADs are therapeutic targets. For instance, elevated PAD2 and PAD4 levels,
citrullinated proteins, and ACPAs are observed in the blood of RA patients.12.14
Hypercitrullination of MBP by PAD2 and PAD4 promotes its proteolysis, degradation of the
myelin sheath, retarded signal transduction, and ultimately multiple sclerosis (MS).16 PAD1
is overexpressed in breast cancer and PAD3 is associated with neurodegeneration.2425
Protein hypercitrullination is also associated with lupus, Alzheimer’s and Prion’s diseases,
and various forms of cancers.16:26.27 Gjven these strong disease links, numerous reversible
and irreversible PAD-inhibitors have been developed.

Reversible PAD-inhibitors

Using an activity-based protein profiling high-throughput screening (ABPP-HTS) platform
(described later in the chemical probes section), we identified several potent PAD-inhibitors,
including minocycline, chlorotetracycline, ruthenium red, and sanguinarine (Figure 4A).28.29
Among these, ruthenium red was found to be an apo-form selective pan-PAD-inhibitor.
GSK121 was identified from a DNA-encoded small molecule library as a PAD4-specific
inhibitor. Lead-optimization afforded GSK199 and GSK484 as highly PAD4-selective (>35-
fold) reversible inhibitors (Figure 4B).30 Notably, we showed that inhibition is competitive
with calcium and the compounds bind preferentially to calcium-free PAD4 (Figure 4C).30
The crystal structure of the PAD4C645A-GSK199 complex confirmed this conclusion and
showed that the aminopiperidine interacts with both D473 and H471, and the carbonyl group
H-bonds with N588 (Figure 4D).30 PAD4-selectivity is due to the close packing of F634,
which is unique to PADA4, against the benzimidazole moiety. GSK106, a control compound
methylated on the other benzimidazole nitrogen, lacks potency because this nitrogen is too
close (3.6 A) to the backbone NH of N585 (Figure 4B,D). Notably, an overlay of the
PAD4C645A-BAAL7 and PAD4C645A-GSK199 complexes highlights how the
aminopiperidine moiety in GSK199 and the guanidinium group in BAA bind in the same
region (Figure 4E). However, residues 633-645 form a B-hairpin structure in the
PAD4C645A-GSK199 complex and pack over the central portion of GSK199. By contrast,
they form an a-helical structure in the PAD4AC645A-BAA complex. Both GSK199 and
GSK484 exhibited remarkable cellular efficacy in preventing citrullination and NET
formation in mouse and human neutrophils.3°
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Covalent PAD-inhibitors

The ABPP-based HTS (see below) also identified NSC95397 and streptonigrin (Figure 5A)
as irreversible PAD-inhibitors.29:31 Interestingly, streptonigrin exhibits excellent potency and
PADA4-selectivity, likely due to its substituted pyridyl and phenyl rings.32 Both of these
inhibitors contain an a,p-unsaturated carbonyl functionality that covalently modifies the
active site cysteine (Figure 5B). Fast et al. showed, and we confirmed, that 2-
chloroacetamidine (Figure 3C) irreversibly inhibits PAD4.21-23.33 |n parallel, we developed
F-amidine and Cl-amidine, which incorporate fluoro- and chloroacetamidine warheads in the
BAA scaffold, as pan-PAD inhibitors (Figure 6A).34:35 Detailed kinetic studies revealed that
these compounds covalently modify the active-site cysteine in a time- and concentration-
dependent manner. Cl-amidine is more potent, consistent with chloride being a better leaving
group. Incorporation of a carboxylic acid at the ortho-position of the phenyl group, as in o-
F-amidine and o-Cl-amidine, led to superior potency and some isozyme-selectivity (Figure
6A,B).36 Structures of PAD4 bound to F-amidine and o-F-amidine show that these inhibitors
form a thioether linkage with C645 while making almost identical contacts within the active
site as substrate BAA (Figure 6C, D). The higher potency found for o-F-amidine and o-ClI-
amidine is due to a H-bond between the o-carboxylate group in o-F-amidine and the indole
NH of W347 (universally conserved amongst all PADs) as well as a water molecule, which
H-bonds with Q346.36 Importantly, Cl-amidine and F-amidine inhibited the PAD4-
dependent citrullination of p300 in a dose-dependent manner.34:35 o-F-amidine and o-ClI-
amidine are 100-fold more potent than Cl-amidine in blocking histone H3 citrullination in
HL-60 cells.36

Enzyme inactivation follows either an one-step Sy2 mechanism (Path 1, Figure 6E) or a
multistep pathway involving the formation of a positively-charged sulfonium ring viaan
intramolecular halide displacement (Path 2, Figure 6E).37 The latter mechanism accounts for
the poor leaving group potential of fluoride. Moreover, the pH dependence of enzyme
inactivation is bell-shaped, which favors the second mechanism because it accounts for the
proton donation step.3” To evaluate the effect of chain-length between the peptide backbone
and warhead on potency, we synthesized X2-amidine and X4-amidine (X = Cl, F) with two-
and four methylene bridges, respectively, between the chiral a-carbon and warhead (Figure
7A).2134 While both F2-amidine and Cl2-amidine are poor PAD4-inhibitors, F4-amidine
and Cl4-amidine are PAD3-selective inhibitors with decent potency (Figure 7A). Since
W347 forms hydrophobic interactions with the alkyl side chain of arginine substrates,7:19
we replaced the alkyl chain with a phenyl group (compounds 1 and 2) hypothesizing that
this modification would improve potency by forming m-stacking interactions with W347.
However, these compounds are poor PAD4-inhibitors, likely due to an inability to properly
position the warhead (Figure 7A).38

To improve pharmacokinetic and pharmacodynamic properties, we evaluated the effect of
inverting the stereocenter by synthesizing D-F-amidine, D-Cl-amidine, D-o-Cl-amidine and
D-o-F-amidine (Figure 7B) as well as a series of tetrazole-containing analogues (compounds
3-14, Figure 7C).38:39 Despite being less potent than the parent compounds, D-Cl-amidine
and D-o-F-amidine are PAD1-selective inhibitors, indicating that the stereocenter
configuration can alter isozyme-selectivity (Figure 6B, 7B). Relative to Cl-amidine, D-CI-
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amidine exhibits better bioavailability, pharmacokinetics, and maximum tolerable dose (i.e.,
the highest drug dose that does not cause significant toxicity), which is likely due to reduced
proteolysis and formation of toxic metabolites.38:39 Notably, the tetrazole-substituted
analogues exhibit superior potency with compounds 7-10 having the highest activities.
Furthermore, the tert-butyl substitution on the tetrazole increases PAD2-directed potency.
For example, 9 (Kinact! K1 = 120,900 M~Imin~1) preferentially inhibits PAD2 (47-fold)
relative to its parent compound 7 (Kinact/ K = 2,550 M~Imin~1) (Figure 7C).39 In contrast to
their high /n vitro potencies, 7-10 exhibited poor cellular activity which we suspect is due to
the negatively-charged carboxylate blocking cellular uptake. However, more hydrophobic
compounds, e.g., 13 and 14, are more cytotoxic than Cl-amidine; the ECsq values of 13 and
14 are 45 and 10 pM, respectively, versus 160 uM for Cl-amidine. Furthermore, 14 inhibited
NET-formation by mouse neutrophils more efficiently than Cl-amidine and 13 exhibited
remarkable microsomal stability relative to Cl-amidine.3?

To evaluate other amide bond isosteres, we also synthesized BB-F-amidine and BB-CI-
amidine, which possess an N-terminal biphenyl group to increase hydrophobicity/
bioavailability and a C-terminal benzimidazole group that increases proteolytic stability
(Figure 8A). These inhibitors exhibited similar /n vitro potency as Cl-amidine and F-
amidine, however, BB-Cl-amidine is ~20-fold more cytotoxic than Cl-amidine to U20S
cells (ECsq = 8.8 uM for BB-Cl-amidine versus >200 for Cl-amidine) (Figure 8B).
Furthermore, BB-Cl-amidine has a significantly longer /n vivo half-life than Cl-amidine
(Figure 8C), despite similar microsomal stabilities.?? The crystal structure of the PAD4-BB-
F-amidine complex revealed that this scaffold forms almost identical contacts with the
enzyme active site as Cl-amidine, except that the benzimidazole forms a cation- interaction
with R374 (Figure 8D).41

Given the enhanced potency afforded by the o-carboxylate in 0-Cl-amidine and the tetrazole
analogues, we synthesized 15-20, which contain a lactam ring that mimics the o-carboxylate
(Figure 9A).%1 While the lactam ring and fluoroacetamidine warhead enhance potency and
PAD2-selectivity, the benzimidazole substitutions enhanced both properties. The best
compounds, 16 (Kinact/ K = 210,300 M-Imin-1) and 20 (kinact/ Ki = 365,400 M-Imin1),
exhibit high PAD2-selectivity versusPADs 1, 3 and 4 (i.e., 2-, 47- and 15-fold for 16, and
5-, 85- and 85-fold for 20) (Figure 9B).%1 Cocrystal structures of PAD4 with 15, 16 and 20
demonstrated that the lactam ring H-bonds with W347 and forces R639, unique to PAD4, to
move away from the active site, likely accounting for the PAD2-selectivity (Figure 9C).
Superposition of the PAD4-inhibitor complexes on PAD2 suggests that the N-alkyl and
alkoxy substitutions orient the benzimidazole ring within a unique hydrophobic pocket on
PAD2. Compounds 16-19 potently inhibited histone H3 citrullination in PAD2-
overexpressing HEK293TPAD2 cells with ECxq’s between 0.4-2.7 uM (Figure 9D).4

In addition to developing small molecule PAD inhibitors, we identified TDFA from a 264-
membered peptide library containing a C-terminal fluoro- or chloroacetamidine-conjugated
ornithine.42 TDFA is a PAD4-selective inhibitor (15-, 52- and 65-fold over PADs 1, 2 and 3,
respectively) (Figure 10A and B), whereas the chloro-analog, TDCA, was equipotent for
PAD1 and PAD4. Interestingly, these peptidic inhibitors contain a carboxylate-containing
amino acid next to the fluoroacetamidine-conjugated ornithine similar to o-Cl/F-amidine.
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The structure of the PAD4-TDFA complex revealed that the aspartate in TDFA forms
potential H-bonds with Q346, R639 and R374 as well as W347. By contrast, the carboxylate
and lactam ring, respectively, in o-F-amidine and the lactam-substituted compounds (15, 16
and 20) H-bond exclusively with W347, while the C-terminal carboxamide H-bonds with
R374 and R372 (Figure 10C). Since R374 is conserved in PAD1 and PAD4, and R639 is
unique to PAD4, the PAD4-selectivity over PADL likely originates from the interaction with
R639. Mutagenesis studies with the R639Q and R374Q mutants validated this conclusion.
Notably, TDFA exhibits remarkable potency for the inhibition of histone H3 citrullination in
HL-60 cells — 1 nM TDFA was equipotent to 100 uM Cl-amidine and a complete inhibition
was observed at 100 nM.42

In addition to developing novel PAD-inhibitors with improved potencies and drug-like
properties, we exploited the cis/trans isomerism of azobenzenes to modulate inhibitor
potency with light (see compounds 21 and 22 in Figure 11A). Irradiation of 21T with 350
nm light, forming 21C, led to an almost 10-fold increase in potency, while irradiation of 22T
led to a 45-fold drop in activity (Figure 11A). Detailed kinetic analyses showed that 22T and
22C are irreversible and reversible, respectively, inhibitors of PAD2. Consistent with the /n
vitro results, 21C inhibits histone H3 citrullination in HEK293TPAD?2 cells in a dose-
dependent manner, whereas 21T shows no activity even at 100 uM (Figure 11B).43

Although we have developed numerous PAD-inhibitors with different potencies, isozyme-
selectivities, pharmacokinetics, and pharmacodynamics, Cl-amidine and BB-Cl-amidine
remain the most thoroughly investigated molecules in animal models of disease. For
example, Cl-amidine and BB-Cl-amidine dose-dependently reduce disease severity, joint
inflammation and joint damage in the murine collagen-induced arthritis (CIA) model of RA.
44,45 Notably, GSK199, a PAD4-selective inhibitor, also reduces disease severity but with
lower efficacy than Cl-amidine and BB-Cl-amidine, suggesting that the inhibition of
multiple PADs is necessary for maximum therapeutic benefit.46 Cl-amidine was also
effective in reducing disease severity, increasing colon length, and improving mobility and
activity in the dextran sodium sulfate (DSS) model of ulcerative colitis.*’ Efficacy was
associated with increased inflammatory cell apoptosis and protection of colonic epithelial
cells from DNA damage. Cl-amidine and BB-Cl-amidine treatment also prevented NET
formation by neutrophils, interferon (IFN) production and reduced the severity of skin,
kidney and vascular disease in the MRL/Ipr mouse model of lupus.4? PAD-inhibitors are
also efficacious in animal models of spinal cord injury, hypoxic ischemic insult, breast
cancer and atherosclerosis.27+48-50

Chemical Probes

Given the pathologies associated with dysregulated PAD activity, it is important to have
tools to monitor PAD activity in cells and tissues. Exploiting the covalent nature of our
inhibitors, we developed probes that can visualize PAD activity by linking them to
rhodamine (see RFA, RCA and RIBFA in Figure 12A).51 RFA also formed the basis for two
HTS platforms, in which inhibitor potency is monitored by in-gel fluorescence or
fluorescence polarization (FP) (Figure 12B).28:29.31 We also developed alkyne- (Yne) and
azide-substituted compounds to enable their bioorthogonal conjugation to either fluorescent
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tags (FITC-azide and FITC-Yne) or biotin (Figure 12C). These compounds enabled the
detection of PAD4-interacting proteins, such as p53, HDAC1 and histone H3, in MCF-7
cells.>?

Recently, we developed BB-F-Yne and BB-CI-Yne (Figure 12D) as cell permeable ABPPs.
53 These compounds are equipotent to BB-F-amidine and BB-Cl-amidine and can be
coupled to TAMRA-N3 or biotin-N3 after PAD inactivation. These probes label recombinant
PADs as well as PAD2 in HEK293TPAD?2 cells. Using a novel chemoproteomic platform,
we identified the off-targets of this scaffold in PAD2 overexpressing HEK293T cells (Figure
12E). Although BB-CI-Yne has a few off-targets, including heterogeneous nuclear
ribonucleoprotein U, clathrin heavy chain 1, bifunctional glutamate/proline-tRNA ligase,
tubulin B-chain and actin p-chain, BB-F-Yne is remarkably selective for PAD2; there were
essentially no off targets.>3 These results highlight the potential of the fluoroacetamidine
warhead for developing PAD-selective inhibitors for use in PAD-targeted therapies.

Based on the ability of phenylglyoxal (PG) to selectively condense with the ureido group of
citrulline under strongly acidic pH, we developed the citrulline-specific probes rhodamine-
PG (Rh-PG) and biotin-PG by attaching rhodamine and biotin, respectively, to PG (Figure
13).5455 These probes selectively modify citrulline-containing peptides and proteins with
remarkable sensitivity, usually in the picomole range. We used Rh-PG to visualize
citrullinated proteins present in serum from mice with colitis and biotin-PG to identify >50
proteins involved in MRNA splicing and other cellular process in PAD2 overexpressing
HEK293T cells. This platform also identified >150 novel citrullinated proteins, including
serine protease inhibitors (SERPINS), serine proteases, transport proteins and complement
system components in RA synovial fluid and synovial tissue. We also showed that
citrullination can dramatically abolish SERPIN and nicotinamide N-methyltransferase
(NNMT) activity.12:56

Conclusions

In this account, we summarized our efforts to understand PAD structure, substrate-
specificity and catalysis as well as develop inhibitors and chemical probes for these
enzymes. Despite our success in these areas, many questions remain unanswered. For
example, it is unclear how PADs are activated in cells because near millimolar
concentrations of calcium are required for /n vitro PAD activity but low micromolar
concentrations are found in cells. Moreover, it is unclear whether citrullination is reversible.
Although argininosuccinate synthetase and argininosuccinate lyase together convert
nonpeptidyl-citrulline to arginine in the urea cycle, the possibility of a similar reaction
occurring on peptidyl-citrulline still needs to be explored. Additionally, it will be interesting
to investigate the existence of a citrulline-specific ‘reader’ that might interpret the
downstream consequences of this modification.
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(B)
PAD Expression Target
PAD1 Epidermis, anagen hair follicles, Keratins
keratinocytes, arrector pili muscles, sweat
glands
PAD2 Epidermis, keratinocytes, lymphocytes, Histone H3, vimentin,
macrophages, monocytes, neutrophils, enolase, MBP, tubulin

oligodendrocytes, Schwann cells

PAD3  Epidermis, anagen hair follicles, hair cuticle, Keratins, S100A3

keratinocytes, neutrophils, Schwann cells
PAD4 Bone marrow, CD34+ cells, granulocytes, HL-
60, lymphocytes, macrophages, monocytes
PAD6 Embryo, cocyte

Histone H3/H4,
OKL38

Unknown

Figure 1.

(A) Arginine PTMs. The table highlights representative citrullination sites detected on
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histones and various other proteins.® (B) Tissue-specific expression patterns and substrates.
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Figure 2.
(A) Crystal structure of PAD2 (PDB: 4N20). The table highlights aspects of the

homodimeric interface. (B-F) Ca2*-binding sites (Cal—6) in holo-PAD2 (PDB: 4N2C). (G)
Overlay of apo- and holo-PAD?2 active sites highlighting Ca2*-induced conformational
changes. (H) Structure of PAD4C645A in complex with Na-benzoyl arginine amide (BAA)
(PDB: 1WDA).
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Figure 3.
(A) Proposed catalytic mechanism. (B) pH-dependence of A1/ Ky with PAD4 (reproduced

with permission from ref. 23 Copyright (2007) American Chemical Society).23 Yellow color
indicates the fraction of enzyme in the active form. (C) General inactivation mechanisms for
2-iodoacetamide and 2-chloro-acetamidine. (D) Reverse protonation (RP) and substrate-
assisted (SA) mechanisms of inactivation.
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Figure 4.
Reversible PAD-inhibitors (A) and allosteric PAD4-selective inhibitors (B). (C) ICsq of

GSK199 and GSK484 for PAD4-inhibition assayed with fluorescence polarization (using
GSK215) and ammonia release assays at different calcium concentrations. (D) Crystal
structure of PAD4C645A-GSK199 complex (PDB: 4X8G). (E) Overlay of PAD4-GSK199
and PAD4-BAA structures (PDB: 1WDA).
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Figureb.

Chemical structures, potencies (A), and proposed mode of action (B) of NSC 95397 and
streptonigrin.
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Figure®6.
Chemical structures (A) and potencies of F-amidine, Cl-amidine, o-F-amidine and o-ClI-

amidine. (B). (C) Overlay of PAD4C645A-BAA (PDB: 1WDA) and PAD4-F-amidine
(PDB: 2DWS5) structures. (D) Crystal structure of PAD4-o0-F-amidine complex (PDB:
3B1U). (E) Mechanism of inactivation for haloacetamidine-based PAD-inhibitors.
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Figure7.

(A) Chemical structures and ICsqg of X2-amidine, X4-amidine (X = F, Cl), 1, and 2. (B-C)
Chemical structures and potencies of D-F-amidine, D-Cl-amidine, D-o-F-amidine, D-o-ClI-
amidine and compounds 3-14.
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(A) Chemical structures and potencies of BB-F-amidine and BB-Cl-amidine. U20S cell
cytoxicity (B) and /n vivo pharmacokinetics (C) of BB-Cl-amidine and Cl-amidine
(reproduced with permission from ref. 40 Copyright (2015) BMJ Journals).%? (D) Crystal
structure of the PAD4-BB-F-amidine complex (PDB: SNOM).

1duosnuepy Joyiny

1duosnuely Joyiny

Acc Chem Res. Author manuscript; available in PMC 2020 March 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Mondal and Thompson Page 23

(A)

X =F; Increased
PAD2 selectivity +

NH
Increased PAD2 x’\f o
inhibition
R
v 8

Increased PAD2

inhibition, selectivity
15, R1=R2=R3=R4=H, X=F
16, R;=Me, R,=OMe, R;=R,=H, X=F
17, R4=Et, R,=OMe, R;=R,;=H, X=F
18, R1=Me, R,=0Et, R;=R,=H, X=F
19, R;=Me, R;=OMe, R,=R,=H, X=F (D)
20, R,=Me, R,=0OMe, R;=H, R,=Et, X=F

(B) lonomycin: - + + + + +
4500004 =m PAD1 PAD2 I [1, pM]: - . 25 10 5 1
mm PAD3 mm PAD4
S o] LU i ol < S S——
E 150000 i . v 16{
s ] e e e a——

Figure9.
Structures (A) and potencies (B) of compounds 15-20. (C) Structures of PAD4 in complex

with 15, 16 and 20 (PDB IDs: 5N1B, 5N0Y, and 5N0Z, respectively). (D) Inhibition of
histone H3 citrullination by compounds 16 and 17 in HEK293TPAD?2 cells. The ratio of
citrullinated H3 (H3Cit) and unmodified H3 was used to determine ECsg. lonomycin is a
calcium ionophore. [I, uM] indicates the concentration of inhibitor in micromolar
(reproduced with permission from ref. 41 Copyright (2017) American Chemical Society).4!
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Figure 10.

Development (A) and potencies (B) of TDFA and TDCA. (C) Crystal structure of the
PAD4-TDFA complex (PDB: 4DKT).
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Figure 11.
(A) Structures and potencies of photoswitchable inhibitors. (B) Inhibition of histone H3

citrullination by 21T and 21C in HEK293TPAD?2 cells (reproduced with permission from
ref. 43 Copyright (2018) American Chemical Society).43

Acc Chem Res. Author manuscript; available in PMC 2020 March 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Mondal and Thompson Page 26

(B)
(AT
S et Y
'y o

_}& 5“ CCC .
RFA ‘g'vz

Unfolded labelled-PAD | Uorodraph

o 1112k

measurement “'ﬂ ﬁ

¢}
RFA, X =F; IC5y = 24 uM (PAD4)

FP signal Low
RCA, X =CI; IC5p = 7.4 uM (PAD4)

QOQQQQY)

QOO0QQY

NH Q000000
2 QO0RVQY

/—« ::: ) -
| F NH measurement
_N o _N*, C @voe I
O = O v ‘Aﬁ' FP signal High
RFA
N — p—
co; 2 4 :@ ; ev
O NH N raD @D 0. ence,_
—-‘« Weak ‘v "@
inhibitor Denature
o H/\F\N Fluorograph
NIy
RIBFA Unfolded labelled-PAD
(C) + (D) :
(0] 0 OH (0] NH
NH, 2
x’\f O O o HN __[( x’\f
NH J )\-(\) NH
3
co; HN i (j
i 4 :
NH,
/@AH n H H Biotin-azide
R, HN Ny N R,
F-amidine-azide, X = F; Ry= N3 \Q’ = \g/\% AcK-Ahx- KKGGTENLYFQGGK-NHz
Cl-amidine-azide, X = Cl; R{=N3 . _
FITC-azide, Rz = N3 TEV Protease BB-F-Yne, X=F

F-amidine-Yne, X =F; Ry= C=CH
Cl-amidine-Yne, X = F; Ry = C=CH

FITC-Yne, R; = C=CH

recognition site

BB-Cl-Yne, X =ClI

(E) TAMRA-NS R T kinar.l”(l (M-1min-1)
> 5]
” (iXBBF-X-Ygle) SDS-PAGE BB-F-Yne BB-Cl-Yne
or In-gel fluorescence
.‘( n < «C \‘, — — PAD1 2050 6400
iotin-N, prm—
— >
6- 0 ii. Cell lysis ( Streptavidin-HRP PAD2 1700 3600
\J \ \J Western blot
PAD3 1100 10800
Labelled it
Biotin-N
Mammalian cell cell lysate 3 >
Streptavidin beads, PAD4 3100 4900
On-bead digestion Proteomic Analysis
Figure 12.

(A) Structures of RFA, RCA and RIBFA. (B) Inhibitor screens using RFA. (C) Structures of
Cl/F-amidine-based azide and Yne; fluorescein-based reporter tags (azide and Yne); biotin-
azide, in which biotin and the azide functionalities were installed between a TEV protease
site. (D) Structures and potencies of BB-F-Yne and BB-CI-Yne for PAD1-4. (E) Labeling of
a PAD by BB-X-Yne (X = F, CI) in mammalian cells.
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(A) Condensation of phenylglyoxal (PG) with citrulline. (B) Structures of Rh-PG and
Biotin-PG. (C) Labeling of citrullinated proteins by Rh-PG, Biotin-PG, and proteomic

analysis.
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Table 1.

PAD substrate-specificity.
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Substrates keat/ Ken (M'S7) [keat (57), Ken (mM)]
PADI PAD2 PAD3 PAD4
BAEE 1500 11700 25 4400
[0.27.0.19] [3.2.0.27] [NA. NA] [5.94.1.36]
BAME 10400 1800 120 3300
[3.85.0.37] [0.43.0.24] [1.26.10.8] [5.57.1.66]
BAA 22000 680 130 11000
3.57.0.16] [0.32.0.48] [1.85.13.9] [2.76,0.25]
Histone H3 - 1200 - -
Histone H4 4300 2400 700 9000
AcH4-21 4000 1000 700 5300
[0.81.0.21] [0.72,0.71] [0.31.0.42] 3.39.0.64]
AcH4-18 3000 - 2500 4400
[0.64.0.22 [4.92.1.95] [2.29.0.52]
AcH4-15 4600 1400 2000 4400
[0.75.0.16] [1.4,1] [NA, NA] [2.53.0.58]
AcH4-13 <1 g 85 3300
[NA, NA] [2.83.0.86]
AcH4-5 2700 290 1000 5200
[0.90.0.33] [0.22.0.85] [4.97.0.95]
AcH4-21 R3A 3300 . 10 580
[1.460.44] [1.01.1.75]
AcH4-21 R17A 600 . 300 2700
[NA, NA] [4.46.1.70]
AcH4-21 R19A 3700 - <1 400
[1.83.0.48] [0.86.2.16]

NH, Peptide sequences:
H NJ‘LNH;! AcH4-21: 1-Ac-SGRGKGGKGLGKGGAKRHRKWV
) AcH4-18: 1-Ac-SGRGKGGKGLGKGGAKRH
0 2 AcH4-15: 1-Ac-SGRGKGGKGLGKGGA
@)LN R AcH4-13:1-Ac-SGRGKGGKGLGKG
H o AcH4-5: 1-Ac-SGRGK

AcH4-21 R3A: 1-Ac-SGAGKGGKGLGKGGAKRHRAV

BB‘;A;E 4 ;{ : ghE/[te AcH4-21 R17A: 1-Ac-SGRGKGGKGLGKGGAKAHRAYV
BAA ‘R - NH, AcH4-21 R19A:1-Ac-SGRGKGGKGLGKGGAKRHAAYV
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