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Abstract

Citrullination is a post-translational modification of arginine that is catalyzed by the protein
arginine deiminases (PADs). Abnormal citrullination is observed in many autoimmune diseases
and cancers. Anti-citrullinated protein antibodies (ACPA) are hallmarks of RA and used as
diagnostic markers for disease diagnosis. Even though citrullination is associated with many
different pathologies, its role remains unclear due to the challenges associated with the detection
of citrullinated proteins since the mass change is only 0.984 Da. Moreover, the functional effects
of protein citrullination remain mostly unknown. Herein, we discuss a brief overview of PAD
structure and function, recent advances in the detection of citrullinated proteins in complex
biological systems and the functional consequences of protein citrullination.

Introduction

Post-translational modifications (PTM) play an important role in regulating complex cellular
processes. More than 200 PTMs have been identified with many being linked to human
disease. One such modification is citrullination in which an arginine residue is converted
into citrulline (Figure 1A). This PTM is generated by the protein arginine deiminases (PAD)
[1]. Although the existence of “decitrullinase” has been hypothesized, no such enzyme has
been identified and citrullination is generally thought to be an irreversible process. The
PAD-catalyzed reaction involves the hydrolysis of the guanidinium group of an arginine
residue, which generates a urea and leads to the loss of positive charge and two potential
hydrogen bond donors. These changes alter protein activity, protein-protein interactions, and
protein-nucleic acid interactions [1,2]. There are five PADs: PADs 1-4 and PAD6.[1] Only
PADs 1-4 are active, PADG has several mutations that render it inactive [3]. PAD isozymes
have unique tissue localizations and substrate specificities. Given that citrullination can
irreversibly modify protein function, PAD activity is tightly regulated [4]. Calcium levels are
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the primary regulator of PAD activity as PADs require high calcium levels (108 to 104 uM)
to be active. Thus, in the absence of a signal, they are generally inactive. Once activated,
PAD:s citrullinate a wide range of protein substrates (see below) and this modification
regulates numerous cellular processes, including cell signaling, immune responses, and gene
regulation.

Dysregulated PAD activity is observed in numerous inflammatory diseases [2,5] including
rheumatoid arthritis (RA), Parkinson’s disease [6], Alzheimer’s disease [7], atherosclerosis
[8], lupus [9], and cancers [10,11]. Notably, PAD inhibitors have shown remarkable efficacy
in many of these disease models. RA is the most studied disease amongst this group [12-
15]. In the context of protein citrullination, RA is a chronic inflammatory condition that is
characterized by damaged bone and cartilage. Studies have established that abnormal protein
citrullination is responsible for disease progression and severity. For example, more than
75% of RA patients produce anti-citrullinated protein antibodies (ACPA) [16]. These
antibodies recognize specific citrullinated epitopes present on numerous proteins (including
vimentin, fibrin, and enolase) and are key drivers of RA. Notably, higher ACPA titers
correlate with a more severe disease course [17]. Therefore, the detection of ACPA, through
an anti-CCP test is used to diagnose RA [18]. ACPA are generally restricted to RA and thus
it is not clear how the PADs contribute to so many other pathologies. Potential explanations
include the role of PADs in promoting NET (Neutrophil Extracellular Trap) formation or
NETosis [9,19,20]. NETosis is a pro-inflammatory form of programmed cell death, in which
a chemokine or pathogen stimulates a subset of neutrophils to decondense their chromatin to
form web-like structures that can capture pathogens. Abnormal NET formation is observed
in many autoimmune disorders including RA [21], lupus [22], and Alzheimer’s disease [23].

Given that aberrant protein citrullination is a hallmark feature of virtually all inflammatory
diseases and some cancers, it is critical that we understand how this PTM contributes to
disease pathology. Despite the emerging biology and prominent role of citrullination in
many disease pathologies, this PTM is poorly understood in part, because of the technical
difficulties associated with detecting protein citrullination. However, tremendous progress
has been made in recent years, including the discovery of new tools to detect protein
citrullination in complex biological mixtures. Once discovered these citrullinated proteins
will help define the role of citrullination in human biology and many could also serve as
biomarkers for the detection of a wide array of diseases. Herein, we provide a brief overview
of PAD structure and function as well as recent advances in the detection of protein
citrullination. Finally, we discuss the functional consequences of protein citrullination.

PAD Structure

Structures of PADs 1, 2 and 4 have been determined thus far.[24-26] PADs 2, 3 and 4 form
homodimers, whereas PAD1 is monomeric in solution. Each monomer contains distinct N-
and C-terminal domains. The C-terminal catalytic domain adopts an a/8 propeller fold
whereas the N-terminal domain is further subdivided into two immunoglobulin-like (1g)
subdomains, i.e. IgG1 and 1gG2. These N-terminal subdomains are involved in substrate
binding and protein-protein interactions [1]. The X-ray crystal structures of PADs 1, 2 and 4
show that these enzymes bind four, six and five calcium ions, respectively (Figure 1B). In all
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three isozymes, two calcium ions (Cal and Ca2) are bound to catalytic domain while the
remaining calcium ions are positioned in the IgG2-subdomain. A comparison of the
calcium-free form of PAD2 and the calcium-bound forms of PAD2 and PAD4 revealed that
calcium binding induces a large conformation change that generates the active site cleft.
Upon calcium binding, the catalytic cysteine (C645 and C647 in PAD4 and PAD?2,
respectively) moves = 5 A, positioning it for nucleophilic attack on the bound substrate.
Calcium titration experiments with PAD2 showed that Cal and Ca6 bind first followed by
Ca3, Ca4 and Cab, leading to a conformation change that generates the Ca2 binding site.
The binding of calcium in the Ca2 position is crucial for the movement of the active site
cysteine into a catalytically competent position.

PAD substrate binding and catalytic mechanism

PADs selectively convert peptidyl-arginine into peptidyl-citrulline; free arginine is not a
substrate.[27] The structure of PAD4 bound to benzoyl-L-arginine amide (BAA) identified
key catalytic residues (Figure 1C) [28]. These residues include C645, which acts as a
nucleophile and H471 which acts as a general acid/base (Figure 1D). Substrate binding is
initialized by strong electrostatic interactions between D350 and D473 and the substrate
guanidinium. The aliphatic chain of the substrate interacts with side chain of W347 and
V469 through hydrophobic interactions. Hydrogen bonding interactions between the side
chain of R374 and the carbonyl groups in the peptide backbone ensures that the PADs do not
deiminate free arginine. Structures of PAD4 with various histone peptides showed that most
of the interactions between PAD4 and its substrates are through the backbone carbonyls of
substrate. The lack of specific interactions between the side chain of the substrate peptides
and the active site explains the broad specificity of PAD4 and the other PADs.

Mechanistic studies on all four PADs revealed that PADs 1, 2 and 4 proceed through a
reverse-protonation mechanism whereas PAD?2 utilizes a substrate-assisted mechanism [27-
31]. In the former mechanism, the active site nucleophile (C645 in PAD4) is in the thiolate
form prior to substrate binding (Figure 1D). Attack of the thioloate on the guanidinium
carbon results in the formation of a covalent tetrahedral intermediate. Subsequently, H471
protonates this intermediate, thereby stabilizing it. Collapse of the tetrahedral intermediate
and release of ammonia generates an S-alkylthiouronium intermediate. This adduct is
hydrolyzed by the attack of a water molecule activated by H471, which leads to the
formation of a second tetrahedral intermedium which collapses to regenerate the thiolate and
peptidyl-citrulline. Support for this mechanism comes from pH-dependent kinetic
inactivation studies which showed that the pKa of the C645 is ~8.3.[27,29-31] Further
support for this mechanism comes from the large inverse solvent isotope effect on Azqi/ K
and the fact that 2-chloroacetamidine, a thiol-reactive compound does not depress the pKj of
C645. However, 2-chloroacetamidine does decrease the pKj; of C647 in PAD2 by ~1 log
unit, suggesting that PAD2 follows a substrate assisted mechanism of thiol deprotonation
[29].
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Methods to detect PAD activity
COLDER Assay

Citrullination is classically detected with the color development reagent (COLDER) assay
[32]. In this assay, the ureido group in citrulline is converted into an imidazolone via
reaction with 2,3-butanedione in the presence of antipyrine, thiosemicarbazide, and
ammonium ferric (I11) sulfate under strongly acidic conditions (Figure 2A). This reaction
produces rapid color development at 95 °C which is monitored spectrophotometrically.

Ammonia Release Assay

This assay measures the release of ammonia, a byproduct of the PAD-catalyzed reaction. To
continuously measure the release of ammonia, the assay can be directly coupled to the
oxidation of NADH via activating a-ketoglutarate through glutamate dehydrogenase [33].
The rate of reaction is directly proportional to the oxidation of NADH which is measured at
340 nm (Figure 2B). In another assay, the release of ammonia is measured in the presence of
o-phthalaldehyde and thiol. The formation of a fluorescence product is measured by
excitation at 413 nm and emission at 476 nm (Figure 2C) [34].

HPLC-based Fluorometric Assay

Chikuma and colleagues developed a more sensitive HPLC-based fluorescence assay using
N-dansyl-glycyl-arginine as a substrate [35]. The PAD catalyzed conversion of N-dansyl-
glycyl-arginine to N-dansyl-glycyl citrulline can be monitored at 533 nm. The reaction
product N-dansyl-glycyl-citrulline is further separated by reverse phase HPLC.

Fluorescence-based detection of PAD activity

Several different fluorescence-based substrates have been developed to measure PAD
activity. For example, Wang and colleagues non-covalently coupled peptidyl-arginine to
tetramethylrhodamine (TAMRA) (Figure 2D) [36]. When complexed, the fluorescence of
the dye is quenched by the positive charge on arginine. The amount of citrulline is measured
by an increase in fluorescence upon citrullination, which occurs because of the loss of
positive charge and the consequent loss in quenching. Wilderman and Pires developed an
alternative fluorescence-based assay that takes advantage of fact that trypsin cleaves after
arginine but not citrulline [37]. Specifically, they showed trypsin cleavage of Cbz-Arg-AMC
leads to an increase in fluorescence, however, trypsin cleavage after PAD treatment blocks
the increase in fluorescence.

More recently, Nakagawa and coworkers developed a turn-on fluorescence-based probe that
is based on donor-excited photo induced electron transfer (d-PeT) mechanism [38]. This
strategy exploits the reaction between a phenylglyoxal and citrulline under acidic conditions.
Although most of these assays are easy to perform /n vitro with purified enzyme, they are
not suitable for detecting the PAD activity in biological mixtures due to either the
interference of endogenous urea containing compounds or the low sensitivity of the assay.
Furthermore, none of these assays can be used to visualize citrullinated proteins.
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Methods to detect PAD substrates

Antibody-Based Detection of Protein Citrullination

A breakthrough in the field of citrullination came with the development of antibody-based
detection systems. These systems are sensitive enough to detect citrullinated proteins of low
abundance. There are two types of antibody-based detection systems: 1) the antibody
recognizes chemically modified citrullines; and 2) the antibody directly recognizes a
citrullinated protein. The former approach was developed by Senshu who raised an antibody
against citrullinated histones that had been chemically modified with 2,3-butanedione and
antipyrine [39]. In this method, citrullinated proteins are transferred to PVDF and then the
membrane is treated with 2,3-butanedione and antipyrine in the presence of FeCls under
acidic conditions (Figure 3A). The blots are then washed and probed with the antibody that
recognizes chemically modified citrullines. Now commercialized by Millipore as the Anti-
citrulline modified (ACM) detection kit, this kit is widely used to detect citrullinated
proteins.

Using the latter approach, Nicholas and colleagues raised a monoclonal antibody against a
citrulline-containing decapeptide [40]. This antibody, known as the F95 antibody, is also
widely used to detect protein citrullination. Notably, when the ACM and F95 antibodies
were compared in a head-to-head test, the F95 antibody showed lower staining suggesting
that its sensitivity is poorer than the ACM kit [41]. Abcam latter developed several other
commercially available polyclonal antibodies that detect protein citrullination in a sequence
independent manner. Abcam have also developed antibodies against specific citrullinated
residues on the N-terminal tail of histones H3 (citrulline 2, 8 and 17) and H4 (citrulline 3).
Although the use of these antibodies has significantly impacted our understanding of the
broader role of citrullination in human biology, they still show bias against amino acid
sequences in detecting citrulline, thus making it difficult to detect global citrullination
changes in complex biological samples.

Phenylglyoxal-based Probes to Detect Protein Citrullination

Phenylglyoxal has been known to react with arginine under neutral or basic conditions and
citrulline under acidic conditions for more than 50 years. Using this principle, Tutturen and
colleagues demonstrated that phenylglyoxal forms an adduct with citrulline that is similar to
the adduct formed upon reaction with 2,3-butanedione and antipyrine [42]. Taking this
concept further, Thompson and colleagues developed rhodamine-PG (Rh-PG) and biotin-PG
which link rhodamine and biotin to phenylglyoxal through a triazole linker [43]. Key
advantages of Rh-PG include: 1) it labels citrullinated proteins in a sequence independent
manner similar to the ACM Kkit; 2) it has a lower detection limit and could be easily used in a
high throughput assay format; and 3) it can visualize protein citrullination in a complex
biological proteome after SDS-PAGE gel electrophoresis (Figure 3B). By contrast, the ACM
kit requires SDS-PAGE, transfer to PVDF, chemical derivatization of citrulline on the
membrane, and then western blotting with the anti-modified citrulline antibody. Using Rh-
PG, Bicker et al showed that a PAD inhibitor reduces protein citrullination in the dextran
sulfate (DSS)-induced model of ulcerative colitis [43]. Notably, it was possible to correlate
the citrullination levels of specific proteins to disease severity. More recently, we used Rh-
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PG to evaluate RA patient derived serum, synovial fluid and synovial tissue samples [44].
By comparing the data to healthy controls, we showed that RA patients have elevated levels
of protein citrullination. Biotin-PG can also visualize protein citrullination, however, this
probe has a wider array of applications, including as a surrogate antibody for western
blotting (Figure 3B), as a chemical handle to enrich and isolate citrullinated proteins from
complex mixtures (see below), and as a detection element to qualitatively and quantitatively
analyze citrullinated protein levels [45]. Notably, Lewallen used this probe to develop a
sandwich ELISA-based platform to quantify the levels of citrullinated ApoAl. More
recently, we used biotin-PG to quantify the levels of citrullinated ApoAl, antithrombin,
antiplasmin and antitrypsin in RA patient serum and synovial fluid samples by both western
blot and ELISA [44].

MS-based analysis of citrullinated proteins

Mass spectrometry is the only method that can identify the exact site of citrullination.
However, the citrullination of an arginine residue only increases protein mass by 0.98 Da.
Therefore, it is difficult to precisely identify deimination events because the mass change is
difficult to distinguish from a 13C isotope or, more commonly, the deamidation of Asn and
GlIn residues. Another challenge includes the fact that citrullination results in the loss of a
trypsin cleavage site - trypsin does not cleave after citrulline - and this leads to longer
peptides that are difficult to detect by tandem MS. These issues are further compounded
when analyzing low abundance proteins.

To partially overcome these challenges, Jin et al used collision-induced dissociation (CID) in
combination with high energy collision dissociation (HCD) [46]. CID causes the neutral loss
of isocyanic acid from the citrullinated peptide and HCD allows detection of lower m/z ions.
Using this technique, the authors identified the citrullination sites in several PAD substrates,
including glial fibrillary acid protein (GFAP), myelin basic protein, and neurogranin from
human brain. More recently, Kuster and colleagues mined the proteomes of 30 human
tissues using the above-mentioned strategy and identified 375 citrullination sites on 209
proteins [47]. Despite their tremendous efforts, most of the identified proteins were high
abundance proteins suggesting the need for better methods that could enrich for low
abundance citrullinated proteins prior to detection.

Enrichment of citrullinated proteins using phenylglyoxal-based probes followed by MS

analysis

Several chemical modification strategies have been developed for the MS-based detection of
citrullinated peptides and proteins. For example, Holm et al used 2,3-butanedione and
antipyrine to obtain a modified citrulline adduct that shows a mass increase of 238 Da,
thereby facilitating the ready differentiation between citrulline- and arginine-containing
peptides [48]. In another approach, Choi labeled citrullinated peptides/proteins with 4-
bromophenylglyoxal and detected these sites of citrullination by tandem MALDI MS [49].
Taking this approach further, Tutturen and coworkers developed a method for the enrichment
of citrullinated peptides by treating them with biotin-labeled 4-glyoxalbenzoic acid and
enriching them on streptavidin beads [50]. The samples were further analyzed by MALDI-
TOF MS (Figure 4A). This strategy was used to identify citrullinated proteins from RA
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synovial fluid samples and the authors reported a 20-fold increase in the detection of
citrullinated proteins [51]. However, this methodology involves treating digested samples
with the PG-based probe followed by mass spectrometry analysis. Therefore, the number of
identified proteins is much lower as this workflow will not detect peptides with other PTMs
or are those of low abundance.

Along similar lines, Thompson and colleagues developed a more robust enrichment
technique using biotin-PG [45]. In this method, the citrullinated proteins are enriched before
tryptic digestion, resulting in enhanced coverage and higher confidence that isolated proteins
are indeed citrullinated (Figure 4B). Furthermore, the labeling is performed under
denaturing conditions using 20% TCA, enabling access to even buried citrullines. Using this
approach, the authors identified more than 50 citrullinated proteins from HEK293T PAD2
expressing cells and showed that many of these proteins are involved in mRNA splicing and
processing, suggesting for the first time that PAD activity modulates RNA biology [45].
Recently, we used this probe to identify more than 150 novel citrullinated proteins from RA
patient serum, synovial fluid and synovial tissue samples [44]. Apart from known
citrullinated substrates such vimentin, enolase and Kkeratin, serine protease inhibitors
(SERPINS), serine proteases and metabolic enzymes were identified as major classes of
proteins that showed elevated levels of citrullination in RA patient samples compared to
healthy controls. To date, this is the most comprehensive study of citrullinated proteins
present in RA [44].

Functional aspect of protein citrullination

Vimentin plays a significant role in supporting and anchoring the position of organelles in
the cytosol. Citrullination of vimentin leads its destabilization, resulting in structural
abnormalities that promote apoptosis [52]. Histones are also citrullinated by PAD2 and
PAD4 and histone citrullination by PAD4 increases the expression of growth-promoting
genes and decreases the expression of growth-inhibiting genes. PAD2 citrullinates histone
H3 at R26. This modification is associated with the increased expression of HER2 and more
than 200 other genes under the control of the estrogen receptor (ER) [53]. Mechanistically
citrullination of this site promotes an open chromatin state that aids the recruitment of ER to
its target genes. Citrullination also plays critical role in cells undergoing terminal epidermal
differentiation [54]. For example, citrullination of filaggrin results in the partial unfolding of
this protein, thereby making it more prone to degradation by the proteasome.

As described above, PAD4 plays a key role in NETosis; PAD4 knockout mice do not form
NETS. Here, citrullination aids chromatin decondensation and externalization to form web-
like structures that can capture pathogens [19,20]. Given our finding that 33% of the
citrullinated proteins in RA synovial tissues are extracellular proteins, we suggested that
these proteins are generated by the release of active PAD isozymes from neutrophils during
NETosis [44]. Indeed, active PADs are found in the synovial fluid of RA patients [55].
Notably, we identified several novel classes of citrullinated proteins including SERPINS,
serine proteases and metabolic enzymes [44]. In fact, 9 of 11 glycolytic enzymes were
citrullinated in our study. Citrullination of pyruvate kinase isoform M2 (PKM2) and a-
enolase activated and repressed their activity, respectively. NNMT and several SERPINSs
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were also citrullinated. NNMT catalyzes the N-methylation of nicotinamide (NAM) to form
N-methylnicotinamide (MeNAM) using S-adenosyl methionine (SAM) as the cofactor. We
showed that citrullination abolishes NNMT activity. Interestingly, this effect was only
observed when NNMT was citrullinated by either PAD1 or PAD2; PAD3 and PAD4 treated
NNMT only show moderate reductions in activity. More recently, Nemmara showed that
citrullination of R132 is responsible for the loss in NNMT activity. Using CD spectroscopy,
they showed that citrullination of this residue destabilizes the overall structure of NNMT,
which leads to its inactivation [56].

SERPINs are endogenous covalent inhibitors of serine proteases and they regulate many
critical protease cascades includes fibrinolysis, blood clotting, complement activation and
cell death [57]. SERPINSs react with serine proteases through a reactive center loop (RCL),
which extends over the body of a SERPIN. The P1 residue in the RCL is responsible for
docking SERPINS into the serine protease active site. Once, the RCL is cleaved, SERPINs
undergo a radical confirmation change and trap the protease in an inactive acyl-enzyme
complex. In many SERPINS, the P1 position is occupied by an arginine residue [58]. We
demonstrated that citrullination of a subset of P1-arginine containing SERPINSs (including
antiplasmin, antithrombin, C1 inhibitor, and tissue plasminogen activator inhibitor (t-PAI))
results in the loss of their inhibitory activity against their cognate proteases (Figure 5) [44].
We confirmed that the loss of inhibition is due to the modification of the P1-arginine by
making a mutant version of antiplasmin (R376K) that cannot be citrullinated at the P1-
arginine; citrullination does not affect the inhibitory activity of this mutant. Moreover,
citrullination of antitrypsin, which contains P1-methionine in place of arginine, had no effect
on its inhibitory activity [44]. Thus, citrullination of the P1-arginine is responsible for the
loss of SERPIN activity and citrullination of SERPINS is a novel mechanism via which a
subset of serine proteases are regulated in human body.

Concluding remarks

Protein citrullination has emerged as an important therapeutic target in many diseases. To
understand the role of citrullination in human diseases, there is a need to identify the
citrullinated proteins associated with these diseases and link them together. As discussed in
this review, many new tools and techniques have recently been developed to detect protein
citrullination in complex biological mixtures. Since aberrant citrullination is a hallmark of
numerous diseases, including lupus, atherosclerosis and various cancers, we predict that
these tools will be widely used to uncover the specific roles of protein citrullination in
diverse biological settings as we have recently done to show that citrullination is a novel
mechanism to regulate SERPIN activity.
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A. PAD reaction. B. Crystal structure of Ca?* bound PAD1 (PDB: 5HT5), PAD2 (PDB:
4N2B) and PAD4 (PDB: 1WD?9). The catalytic C-terminal, IgG1 and 1gG2 domains are
colored green, cyan, and pink, respectively. C. Structure of the PAD4-C645A mutant bound
to BAA (PDB: 1WDA. D. Proposed catalytic mechanism.
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Figure 2.
In-vitro assays for detection of citrulline. A. COLDER assay. B. and C. Ammonia release

assay D. Fluorescence-based detection of PAD activity.
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different biological samples, S1 and S2, using A. ACM kit B. Rhodamine-PG and biotin-PG.
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Proteomics approaches for enrichment of citrullinated proteins in RA patient samples taken
by A. Tutturen et a/[50]. This strategy involves treating digested samples with the PG-based
probe followed by mass spectrometry analysis. B. Tilvawala ef a/ [44]. In this method, the
citrullinated proteins are enriched before tryptic digestion followed by mass spectrometry

analysis.
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Figure 5.
Reaction of SERPIN and citrullinated SERPIN with protease.
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