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Summary

Increased protein citrullination is linked to various diseases including rheumatoid arthritis (RA),
Lupus, and cancer. Citrullinated autoantigens, a hallmark of RA, are recognized by anti-
citrullinated protein antibodies (ACPA) which are used to diagnose RA. ACPA recognizing
citrullinated enolase, vimentin, keratin and filaggrin are also pathogenic. Here, we used a
chemoproteomic approach to define the RA-associated citrullinome. The identified proteins
include numerous serine protease inhibitors (Serpins), proteases and metabolic enzymes. We
demonstrate that citrullination of antiplasmin, antithrombin, t-PAI, and C1 inhibitor (P1-Arg-
containing Serpins) abolishes their ability to inhibit their cognate proteases. Citrullination of
nicotinamide A-methyl transferase (NNMT) also abolished its methyltransferase activity. Overall,
these data advance our understanding of the roles of citrullination in RA and suggest that
extracellular Protein Arginine Deiminase (PAD) activity can modulate protease activity with
consequent effects on Serpin regulated pathways. Moreover, our data suggest that inhibition of
extracellular PAD activity will be therapeutically relevant.
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eTOC blurb

Tilvawala et al. demonstrated that protein citrullination is elevated in RA and defined the RA
associated citrullinome. Tilvawala et a/. further discovered that Serpin citrullination abolishes their
ability to inhibit their cognate proteases. These studies open a new avenue to understand the links
between protein citrullination and numerous diseases.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory joint disease that affects 0.5-1.0% of
the adult population (Cross et al., 2014). This disease is characterized by systemic
inflammation resulting in damaged cartilage, bone and soft tissue, ultimately leading to
restricted movement and disability. RA is triggered by a combination of genetic and
environmental factors. Accumulating evidence indicates that aberrantly increased protein
citrullination is also a disease trigger (Schellekens et al., 1998; Vossenaar and van Venrooij,
2004). This evidence includes the fact that up to 75% of RA patients produce anti-
citrullinated protein antibodies (ACPA), which bind and recognize citrullinated epitopes
present on numerous proteins including vimentin, fibrin and enolase (van Beers et al., 2010;
Vossenaar et al., 2004a). Retrospective analyses have shown that ACPA begin to accumulate
in patient sera 4-5 years before clinical onset of symptoms (van der Helm-van Mil et al.,
2006; van Venrooij et al., 2006) and the detection of ACPA is the most specific diagnostic
test for RA (Taylor et al., 2011). Importantly, higher ACPA titers correlate with a more
severe disease course. As such, a positive anti-CCP test, which detects ACPA, is now part of
the clinical criteria for diagnosing RA (Chandra et al., 2011).

Citrullination is the post-translational modification of an arginine residue to citrulline in
proteins and peptides. This reaction is catalyzed by the calcium-dependent protein arginine
deiminase (PAD) family of enzymes (Fuhrmann et al., 2015; Vossenaar et al., 2003). The
conversion of a positively charged arginine to polar uncharged citrulline can drastically
influence hydrogen bonding and ionic interactions with consequent effects on activity,
protein-protein interactions and protein-nucleic acid interactions (Fuhrmann et al., 2015).
Mammals have five PAD isozymes (PAD 1, 2, 3, 4 and 6) (Fuhrmann et al., 2015). However,
only PADs 1-4 are catalytically active; PAD6 has a number of mutations that render it
inactive (Raijmakers et al., 2007). With regards to RA, PAD2 and PAD4 are the most
relevant because they are predominantly overexpressed in immune cells including
macrophages and neutrophils (Mossenaar et al., 2004b). PADs are generally inactive under
physiological conditions since relatively high calcium concentrations are required for
activity (Fujisaki and Sugawara, 1981). However, once activated, these enzymes citrullinate
numerous different proteins including vimentin, fibrin, filaggrin and keratin (Inagaki et al.,
1989; Senshu et al., 1995). PAD1, 2 and 4 also citrullinate various histones (i.e., H1, H2A,
H3 and H4) and histone citrullination contributes to the epigenetic control of gene
transcription (Christophorou et al., 2014; Khan et al., 2016; Wang et al., 2004; Zhang et al.,
2012). Although less is known about the functional consequences of vimentin, fibrin, and
filaggrin citrullination, ACPA targeting these structural proteins are present in RA patients.
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Apart from RA, dysregulated PAD activity is observed in other inflammatory diseases
(Jones et al., 2009; Vossenaar et al., 2003) including type 1 diabetes (Rondas et al., 2015),
Parkinson’s disease (Nicholas, 2011), Alzheimer’s disease (Ishigami et al., 2005),
atherosclerosis (Kinloch et al., 2008), lupus (Knight et al., 2015), multiple sclerosis
(Moscarello et al., 2007), psoriasis (Ishida-Yamamoto et al., 2000), chronic obstructive
pulmonary disease (COPD) (Obermayer et al., 2014) and neuron injury (Lange et al., 2011),
as well as several types of cancers (Chang and Han, 2006; Chang et al., 2009). Notably, PAD
inhibitors show remarkable efficacy in many of the aforementioned diseases (Chumanevich
etal., 2011; Knight et al., 2015; Knight et al., 2013; Lange et al., 2011; Willis et al., 2011).
Since ACPA are generally restricted to RA, it is unclear how the PADs contribute to so many
different pathologies. Potential explanations include the modulation of gene expression
patterns via their histone citrullination activity (Shen and Casaccia-Bonnefil, 2008; Wang
and Wang, 2013). Evidence supporting this possibility includes the recent demonstration that
PAD4 modulates the expression of E2F (Ghari et al., 2016) and NF-kB target genes
including IL-1p and TNFa in neutrophils (Chang et al., 2016). A second explanation is the
role of the PADs in NET (Neutrophil Extracellular Trap) formation (Knight et al., 2015; Li
et al., 2010; Rohrbach et al., 2012), a pro-inflammatory form of programmed cell death in
which neutrophils decondense their chromatin to form web-like structures that can capture
pathogens. NET formation also results in the release of numerous enzymes to the
extracellular environment including myeloperoxidase, various proteases and the PADs
(Damgaard et al., 2014). Previous reports demonstrated that PAD4 knock-out mice do not
form NETS, suggesting that inhibition of PAD4 represents a viable approach for preventing
this type of programmed cell death (Li et al., 2010). A recent report, however, suggests that
PAD4 activity is not essential for human NET formation (Kenny et al., 2017). Nevertheless,
histone citrullination represents an important event in NETosis as the PADs get activated
once the neutrophil membrane is breached. Although NET formation is a part of the body’s
innate immune system, abnormal NET formation is observed in many autoimmune disorders
including RA (Khandpur et al., 2013), lupus (Yu and Su, 2013) and Alzheimer’s disease
(Pietronigro et al., 2017).

Given this background, it is evident that abnormally elevated protein citrullination plays a
key role in the onset and development of RA. Better knowledge of PAD substrates and the
effect of citrullination on their functions would not only improve our understanding of
disease pathology but will also help to develop better diagnostics and treatments. However,
only a handful of PAD substrates are known due to the technical challenges associated with
identifying citrullinated proteins; the mass change is only 0.98 Da. In previous reports, we
described the development of two new reagents, rhodamine-PG (Rh-PG) and biotin-PG that
can be used to visualize and isolate citrullinated proteins (Bicker et al., 2012; Lewallen et al.,
2015). Herein, we describe their use to identify novel citrullinated proteins from RA patient
serum, synovial fluid and synovial tissues. Remarkably, we identified an increase in many
ACPA-target proteins in RA samples consistent with the hypothesis that ACPAs are disease
causing. Moreover, we identified numerous metabolic enzymes as well as serine-protease
inhibitors (Serpins). Importantly, for a subset of Serpins, we show that citrullination can
abolish their inhibitory activity and thereby modulate Serpin-regulated pathways including
the complement pathway, blood clotting, fibrinolysis, and cell motility. Increased protease
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activity would allow for enhanced complement activation and degradation of the
extracellular matrix that would enable the influx of other immune cells and consequently
potentiate the inflammatory response.

Results

Phenylglyoxal-based probes for the detection of protein citrullination in biological samples

We previously developed a suite of phenylglyoxal (PG)-based probes that facilitate the
isolation and/or visualization of citrullinated proteins in complex proteomes (Bicker et al.,
2012; Lewallen et al., 2015). These probes, rhodamine-PG (Rh-PG) and biotin-PG (Figure
1A), covalently modify the urea group of citrulline under acidic conditions (Figure 1B). This
covalent adduct can be visualized either directly by SDS-PAGE, in the case of Rh-PG, or by
electroblotting in the case of biotin-PG (Figure 1C). Given their unique capabilities and the
important role that aberrant protein citrullination plays in RA, we hypothesized that they
could be used to identify the citrullinated proteins associated with RA. We further
hypothesized that this information would provide novel insights into PAD biology as well as
identify RA-specific biomarkers. To this end, we employed Rh-PG to quantify the relative
amount of citrullinated proteins in RA-patient serum, synovial fluid and synovial tissue
samples as compared to healthy individuals. The serum samples were obtained from healthy
donors (n=16; 7 females and 9 males) and RA patients (n=16; 9 females and 7 males). The
synovial fluid samples were collected from healthy donors (n=16; 6 females and 10 males)
and RA patients (n=16; 6 females and 10 males). The synovial tissue samples were obtained
from one healthy and two RA patients. The RA serum, synovial fluid and synovial tissue
samples were obtained from confirmed RA patients but different individuals. The serum and
synovial fluid samples were pooled to generate representative samples. Sample pooling
enables higher throughput, minimizes sample heterogeneity, and enriches for proteins that
are uniformly dysregulated across the entire sample group. Citrullinated proteins present in
these samples were first labeled with Rh-PG, separated on SDS-PAGE gels and the
fluorescence intensities of labeled proteins were quantified (Figure S1A). As depicted in
Figure 1D, our data clearly demonstrate that protein citrullination levels are elevated in RA
serum, synovial fluid and synovial tissue compared to healthy controls.

The RA-associated citrullinome

Next, we used biotin-PG to define the RA-associated citrullinome in serum, synovial fluid
(the fluid surrounding joints), and synovial tissue samples (granulation tissue which
surrounds joints). Briefly, RA and healthy controls were labeled with biotin-PG and
citrullinated proteins enriched on streptavidin-agarose. After extensive washing, we
performed an on-bead trypsin digest and subsequent LC/LC-MS/MS analysis (Figure 2A).
Protein identities were determined by database searches using the SEQUEST algorithm.
Relative quantitation of citrullinated protein abundance in RA and healthy patient samples
was achieved by spectral counting. The relative abundance of a protein in the RA versus
healthy datasets can be used to compare the relative citrullination level of the protein in
human patients. Only proteins with an average of greater than 10 spectral counts in RA
patients were used to calculate spectral count ratios.
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Proteins with RA/healthy spectral count ratios >1 and p-values <0.05 are selectively
citrullinated in the RA samples (Figure 2B). One readily apparent trend is that there is an
expansion in number of citrullinated proteins as one moves from serum to synovial fluid and
onto the synovial tissue. The RA/H ratios also increase significantly. These observations are
consistent with enhanced citrullination occurring within the inflamed region. Notably,
several proteins that show high relative ratios with significant p-values in synovial fluid, also
appear in the serum data at lower levels and at lower confidence. This likely reflects the
leaching of these proteins from synovial fluid into serum. Amongst the various other
citrullinated proteins discovered, the majority were secreted (85% in synovial fluid and 33%
in synovial tissue) and cytoplasmic (36% in synovial tissue) proteins (Figure 2C bottom),
suggesting that both intra- and extra- cellular citrullination contributes to pathogenesis.
Notably, we detected elevated levels of known citrullinated proteins including vimentin,
fibrin, keratin and enolase from synovial tissues and synovial fluid. In addition to these
known substrates, we identified a wide variety of novel citrullinated proteins covering
various functional classes, amongst which serine protease inhibitors (17% in synovial fluid),
serine proteases (8% in synovial fluid and 4% in synovial tissues), carriers/transporters (10%
in synovial fluid) and complement system components (4% in synovial fluid) were the major
classes (Figure 2C top). A PANTHER overrepresentation test (Mi et al., 2016) was used to
identify protein classes and biological processes which were enriched in synovial fluid and
synovial tissue. The complement pathway, serine protease inhibitors and serine proteases
were the most elevated in synovial fluid while metabolic enzymes were highly enriched in
synovial tissues (Figure 2D).

Quantification of citrullinated proteins detected through proteomic analysis

Having demonstrated that we could define the RA-associated citrullinome, we next
quantitatively analyzed the citrullination levels of specific proteins in these samples using
western blot and ELISA. In the western blot assay (Figure S1B), the red band represents the
input level of the specific protein of interest while the green band shows the level of
citrullination of that same protein (Figure S1B). We carried out western blot analysis of
antitrypsin, antiplasmin, plasminogen and transferrin from RA patient serum and synovial
fluid and compared the level of citrullination with healthy controls (Figure 3B). The results
clearly demonstrate that these proteins were more heavily citrullinated in RA patients. We
further confirmed our results using a biotin-PG based ELISA assay. In this assay, biotin-PG
labeled proteins or protein mixtures were incubated with capture antibody coated 96-well
plates in order to isolate the protein of interest (Figure S1C). The plates were next incubated
with streptavidin-HRP followed by addition of fluorescent HRP substrate (Figure 3A, Figure
S1C). Using this workflow, we quantified the citrullination levels of antitrypsin, antiplasmin,
antithrombin 111 and ApoAl. As shown in Figure 3C, the ELISA data confirmed that
antitrypsin, antiplasmin, antithrombin 111 and ApoALl show increased citrullination in RA
samples compared to the healthy controls.

Functional effects of citrullination

Although previous studies have confirmed higher levels of citrullinated enolase, vimentin,
filaggrin in RA, the effect of citrullination on the activity of these and other proteins remain
unknown. The RA citrullinome revealed that glycolytic enzymes are one of the major
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classes of highly enriched citrullinated proteins (Figure 2C and Figure 2D); nine out of
eleven glycolytic enzymes are citrullinated. Citrullinated glycolytic enzymes discovered in
RA synovial tissue are marked in yellow in the glycolytic pathway (Figure S2). The other
interesting enzyme we discovered is nicotinamide A-methyl transferase (NNMT). NNMT is
overexpressed in various cancers (Ulanovskaya et al., 2013) and contributes to diet induced
obesity (Kraus et al., 2014). Given the importance of these metabolic pathways, we
evaluated the effect of citrullination on the activity of NNMT as well as pyruvate kinase
isoform M2 (PKM2) and a.-enolase. We focused on these glycolytic enzymes because
PKM?2 activity represents a key control point for flux through the glycolytic pathway
(Anastasiou et al., 2012) while a-enolase is a known antigen found in RA patients (Kinloch
et al., 2005).

To test the effect of citrullination, we first treated NNMT, PKM2, aldolase and a.-enolase
with PAD1, PAD2, PAD3 and PAD4 and confirmed that they are citrullinated (Figure S3A).
Next, we evaluated the effect of citrullination on enzyme activity. The NNMT activity assay
was carried out using quinoline as an alternative substrate and SAM as the cofactor (van
Haren et al., 2016). The activity of NNMT was measured in two different settings: 1)
variable quinoline in the presence of a fixed SAM concentration; and 2) variable SAM in the
presence of a fixed quinoline concentration. The rate of reaction was monitored by
formation of 1-methylquinolinium. Notably, treatment of NNMT with PAD1 and PAD?2
abolished its activity against both SAM and quinoline (Figure S3B and S3C and Table S1).
PAD3 and PAD4 treated NNMT, however, only showed a moderate reduction in activity
(Supplementary Figure 3B and 3C). The activity of PKM2 was measured in three different
scenarios: 1) variable phosphoenol pyruvate (PEP) in the presence of a saturating
concentration of ADP; 2) variable PEP in the presence of a saturating concentration of ADP
and fructose 1, 6-bisphosphate (FBP); and 3) variable ADP in the presence of a saturating
concentration of PEP (Figure S4A, S4B and S4C, Table S2). FBP is a known activator of
PKM2 (Jurica et al., 1998). In all three scenarios, the activity of citrullinated PKM2 was, on
an average, 2-3-fold higher compared to the uncitrullinated controls (Figure S4D). By
contrast, citrullinated a.-enolase showed a modest 2-fold decrease in catalytic efficiency
(Figure S4E).

Given the preponderance of Serpins (Serine Protease Inhibitors) in our data sets (Figure 2B,
2C and 2D), we next investigated the effect of citrullination on Serpin activity. The Serpin
superfamily contains well over 1500 members, including 36 human Serpins (Huntington,
2011). In humans, Serpins regulate protease cascades involved in blood clotting, fibrinolysis,
complement activation, cell motility, inflammation and cell death (Silverman et al., 2001).
Serpins react with serine proteases through a loop called the reactive center loop (RCL). The
RCL is an extended, exposed sequence above the body of the Serpin scaffold. Upon RCL
cleavage, the Serpin undergoes a conformational change that traps the protease in an inactive
acyl-enzyme complex. In some Serpins, the P1 position in the RCL is occupied by an
arginine residue which is responsible for docking the RCL into the protease active site
(Khan et al., 2011). Given the important role of the P1-arginine in the Serpin-protease
interaction, we hypothesized that citrullination of this arginine would abolish the inhibitory
activity of Serpins containing a P1-arginine (Figure 4A). To this end, we initially focused on
antiplasmin, C1 inhibitor, and tissue plasminogen activator inhibitor (t-PAI) as these Serpins
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play important roles in regulating fibrinolysis (Carpenter and Mathew, 2008), tissue repair
(Sun and Yang, 2004), the complement pathway (Pappalardo et al., 2002) and blood
coagulation (Sprengers and Kluft, 1987). Initially, we confirmed that these Serpins are PAD
substrates by treating them with PAD1, PAD2, PAD3 and PADA4 followed by labeling with
Rh-PG. As demonstrated in Figure 4B, PAD treated Serpins showed significantly higher
band intensities compared to the untreated controls, confirming that Serpins are indeed PAD
substrates.

We next measured the inhibitory activity of PAD treated Serpins and compared them with
untreated controls. In this experiment, a fixed concentration of protease was mixed with
various concentrations of citrullinated or uncitrullinated Serpin and incubated for 30 min at
room temperature. The reaction mixtures were then placed in a 96-well plate followed by the
rapid addition of the appropriate protease substrate. Hydrolysis of the latter was monitored
spectrophotometrically to obtain ICsq values (Figure S5A). Citrullination of antiplasmin, C1
inhibitor and t-PAI, by PAD1, PAD2 and PADA4 virtually abolished their inhibitory activity
against their corresponding proteases (Figure 4C, 4D and Figure S5B, Table S3). PAD3
treated Serpins showed a lesser effect. We performed the same experiments with antitrypsin.
PAD treated antitrypsin did not show any significant change in its inhibition profile against
neutrophil elastase, a known antitrypsin substrate (Figure S5C). This result is consistent with
the fact that antitrypsin contains a P1-methionine whereas antiplasmin, t-PAI, and C1
inhibitor contain P1-arginines. To confirm that Serpin inactivation is due to citrullination of
the P1-arginine, we generated an antiplasmin variant in which the P1-arginine was mutated
to a lysine (i.e., R376K) and evaluated its ability to inhibit plasmin. In stark contrast to wild
type antiplasmin, citrullination of the R376K mutant does not alter the inhibition profile of
this mutant Serpin; the 1Csq values for citrullinated and uncitrullinated mutant enzymes are
almost identical (Figure S5D, Table S3). In total, these results demonstrate that citrullination
inhibits a large subset of Serpins via citrullination of the P1-arginine.

Our citrullinome data also identified elevated levels of citrullinated antithrombin. Rh-PG
labeling of PAD treated antithrombin confirmed its citrullination (Figure 5B). Next, we
measured the inhibitory activity of citrullinated antithrombin against thrombin. Given the
fact that antithrombin also contains an arginine residue at the P1 position, we expected that
its citrullination would abolish its inhibitory activity towards thrombin. Notably,
citrullination of antithrombin only moderately affected its inhibition profile (Figure 5C,
Table S4). Previous studies have shown that antithrombin in its native state is poorly reactive
towards proteases, and only upon binding to heparin-like pentasaccharide molecules, does it
become active (Huntington, 2011). The thrombin and heparin bound ternary complex of
antithrombin revealed that in its native state the P1-arginine of the RCL is pointing inwards,
facing the body of Serpin, making it relatively inaccessible to thrombin. Upon interaction
with heparin, the P1 residue flips outwards into a protease-accessible conformation (Li et al.,
2004). We therefore hypothesized that heparin would enhance citrullination of the P1-
arginine in antithrombin (Figure 5A). To test this hypothesis, we incubated antithrombin in
the presence and absence of heparin for 30 min before citrullinating it with PADs followed
by labeling with Rh-PG. Notably, heparin treated antithrombin was more heavily
citrullinated than that of the untreated control (Figure 5B). We further evaluated the effect of
heparin on the inhibitory activity of the PAD treated antithrombin. As expected, the
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citrullination of the heparin treated antithrombin completely abolished its inhibitory activity
against thrombin (Figure 5D, Table S4).

Discussion

Aberrant citrullination is linked to many human diseases including RA, Lupus,
atherosclerosis and various cancers (Chang and Han, 2006; Chang et al., 2009; Knight et al.,
2015; Vossenaar and van Venrooij, 2004). To understand the role of citrullination in
pathophysiology, there is a need to comprehensively identify the citrullinated proteins
associated with these diseases. Towards this end, we used our suite of citrulline-reactive
probes to define the citrullinated proteins elevated in RA serum, synovial fluid and synovial
tissue samples. Along with known PAD substrates such as enolase, vimentin, keratin and
fibrin, we identified more than 150 novel citrullinated proteins, thereby providing the most
comprehensive list of citrullinated proteins in RA. Amongst the various proteins we
identified are completely novel protein classes such as Serpins, glycolytic enzymes and
serine proteases. Notably, an overlapping set of citrullinated proteins was identified in
previous studies (Tutturen et al., 2013; van Beers et al., 2013; Wang et al., 2016). However,
these studies lack the depth of coverage of the entire citrullinome that we achieved using our
suite of citrulline-specific probes and were limited to synovial fluid samples. Moreover,
Tutturen and coworkers (Tutturen et al., 2013) digested their samples with trypsin and then
labelled with a phenylglyoxal based probe for MS analysis. The major limitation of this
approach is that certain peptides containing other post-translation modifications or low
abundance will not be detected; as a result, the number of proteins identified was much
lower. By contrast in this study, we used an optimized work flow which includes enriching
intact proteins to further enhance the peptide coverage, giving a higher confidence that the
proteins isolated are truly citrullinated. Since the labeling reactions occur under denaturing
condition (20% TCA), we also gain access to otherwise buried citrullines. One limitation of
our study is the use of pooled samples. While sample pooling enables higher throughput and
typically minimizes the possibility that the results are due to anomalous signals in a single
sample, it will nonetheless be interesting to evaluate individual patient samples in future
experiments.

In contrast to previous studies, we also validated our results and further evaluated the role of
citrullination on the activity of numerous proteins identified in our study. Strikingly,
citrullination showed moderate to drastic effects on the activity of metabolic enzymes and
Serpins. Studies have shown that the dysregulation of metabolic enzymes plays an important
role in cancer biology and is used by cells for survival and growth. We detected higher
citrullination of many metabolic proteins in RA samples, including PKM2 and NNMT.
NNMT catalyzes the N-methylation of nicotinamide, pyridines and other structural analogs,
playing a pivotal role in the biotransformation and detoxification of many xenaobiotics
(Pissios, 2017). Recent studies have shown that overexpression of NNMT in a diverse set of
cancers regulates protein methylation states in tumor cells through a distinct mechanism
involving the alteration of the cellular SAM/SAH ratio which promotes a pro-growth
phenotype (Ulanovskaya et al., 2013). The citrullination of NNMT by PAD1 and PAD2
abolished its activity. Thus, NNMT citrullination may represent a mechanism to regulate
NNMT activity in cancer cells. Notably, PAD2 appears to act as a tumor suppressor in a
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subset of breast cancers (Horibata et al., 2017) and its ability to downregulate NNMT
activity may play a role in this process.

PKM?2 is a master regulator of glycolysis that has been demonstrated to balance the
production of biomolecular building blocks and the generation of pyruvate and ATP in
normal and cancer cells (Gupta and Bamezai, 2010). The activity of PKM2 in cells are
allosterically regulated by switching between a high activity tetrameric form and a low
activity dimeric form (Anastasiou et al., 2012). The catalytically active tetrameric form,
expressed in normal cells, is associated with ATP synthesis and catabolic metabolism
whereas the less active dimeric form is mostly expressed in cancer cells where it promotes
the production of glycolytic intermediates that enter glycolysis branch pathways, including
glycerol synthesis and the pentose phosphate pathway (Anastasiou et al., 2012). PKM2
citrullination results in a significant, albeit modest, increase in its activity towards both PEP
and ADP. Since wild-type PKMZ2 is present as a dimer in solution, citrullination of PKM2
could shift its equilibrium towards the more active tetrameric form, however, preliminary
size exclusion chromatography experiments do not support this possibility. Notably,
increased PKMZ2 activity would be expected to inhibit cancer cell growth similarly to the
expected response for NNMT citrullination. The activity of enolase, a known RA antigen,
was moderately decreased upon citrullination.

The most striking results were obtained with the Serpins. In most cases, Serpin citrullination
virtually abolished their inhibitory activity towards their cognate proteases. We further
demonstrated that citrullination of the P1-arginine of the RCL is responsible for the loss of
Serpin activity as antitrypsin which contains a P1-methionine does not lose activity when
citrullinated. Moreover, heparin, which is known to expose the P1-arginine in antithrombin,
enhanced its citrullination. Finally, when the P1-arginine in antiplasmin is changed to a
lysine, citrullination no longer impacts its ability to inhibit plasmin. In total, all our evidence
strongly indicates that citrullination plays an important role in regulating protease activity in
the human body. The P1-arginine-containing Serpins are found in all branches of life and
control proteolytic pathways related to human health and diseases (Khan et al., 2011).
Dysregulation of Serpin activity in blood coagulation, complement and fibrinolysis
pathways leads to increased extracellular proteolysis ultimately resulting in thrombosis,
shock, and inflammation. Antiplasmin and t-PALI inhibit plasmin and t-PA, respectively.
These two proteases degrade fibrin and cleave extracellular matrix (ECM)-associated
molecules resulting in the liberation and/or activation of bioactive molecules such as growth
factors and cytokines and activate matrix metalloproteases (MMPSs) (Serrano and Munoz-
Canoves, 2010). C1 inhibitor is a broad-spectrum Serpin, which inhibits the activated forms
of several members of the complement pathway (C1r and C1s), the coagulation system
(FXIla, FXla, and kallikrein) as well as fibrinolytic proteases (plasmin, tPA, and uPA) and
thereby regulates the activation of the classical pathway, the lectin pathway as well as the
fibrinolytic, coagulation, and Kinin pathways (Pappalardo et al., 2002). Antithrombin acts as
an anticoagulant by inhibiting thrombin, Factor IX, and Factor X, thereby regulating the
coagulation pathway and dysregulation of antithrombin leads to a high risk of thrombosis
(Quinsey et al., 2004). Various studies have demonstrated that the P1-arginine is key to
Serpin activity. For example, the mutation of the P1-arginine in C1 inhibitor to any other
amino acid except lysine abolishes its inhibitory activity against all cognate proteases
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whereas the P1-arginine mutation in antithrombin changes its specificity from thrombin to
trypsin and chymotrypsin (Chuang et al., 2001; Eldering et al., 1992). Mutation of the P1-
arginine to methionine and alanine in t-PAI and antiplasmin, respectively, result in loss of
their inhibitory activity against their cognate proteases t-PA and plasmin (Holmes et al.,
1987; Keijer et al., 1991). A rare mutation of P1-methionine to arginine in antitrypsin,
commonly known as the Pittsburg variant, turns it into a thrombin inhibitor responsible for a
life threatening disease state (Lewis et al., 1978). Thus, Serpin citrullination is likely to have
profound effects on protease activity within the inflamed regions where the PADs are
localized during inflammation.

NETosis plays a key role in many autoimmune disorders including Alzheimer’s disease,
lupus, and RA (Khandpur et al., 2013; Pietronigro et al., 2017; Yu and Su, 2013). NET
formation is a part of our body’s natural defense system, where, in response to stimuli
neutrophils decondense and extravate their chromatin (DNA and histones), enzymes and
proteins to form NET like structures that capture pathogens (Figure 6). However, abnormal
NET formation in chronic inflammatory states has serious consequences. Evidence suggests
that dysregulated PAD activity is associated with aberrant NET formation (Knight et al.,
2015; Li et al., 2010; Rohrbach et al., 2012). We further suggest that the PADs are released
from the neutrophils in their active form thereby providing a mechanism for the presence of
citrullinated proteins in serum and synovial fluid. Indeed, active PAD isozymes are found in
RA synovial fluid (Spengler et al., 2015). Serpin citrullination abolishes their inhibitory
activity, leaving proteases enzymatically active. Under these circumstances, the active
proteases would be able to increase the degradation of extracellular matrix as well as
modulate the activity of various cellular processes including blood coagulation, complement
activation and fibrinolysis (Figure 6).

In summary, using our unique techniques, we have successfully defined the RA-associated
citrullinome and discovered completely new classes of proteins that were previously
unknown to play a role in RA pathophysiology. For the first time, we showed that
citrullination modulates, both negatively and positively, the activity of Serpins and metabolic
enzymes. This new information enhances our understanding of protein citrullination in RA,
which we predict will profoundly influence future research into how the PADs modulate
autoimmunity. Projecting forward, it will be interesting to investigate the possible presence
of ACPA against these newly discovered proteins in RA patient serum and synovial fluid
samples. Once discovered, these ACPA can be used as additional biomarkers to diagnose
RA. Moreover, these results indicate that extracellular citrullination is an essential
component of RA with profound effects on Serpin activity, suggesting that inhibition of
extracellular PAD activity may be a viable therapeutic approach.

STAR METHODS

A detailed description of experimental procedures is available in the online version of this
paper and include the following.

. KEY RESOURCES TABLE
. CONTACTS FOR RESOURCES AND RESOURCE SHARING
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. EXPERIMENTAL MODEL AND SUBJECT DETAILS
- Human studies
. METHOD DETAILS

- Rhodamine-PG (Rh-PG) labeling of serum, synovial fluid and synovial
tissue samples

- Biotin-PG labeling and proteomic analysis

- LC/LC-MS/MS and data processing

- Streptavidin pull down and quantification by Western blot

- Quantification by sandwich ELISA

- Detection of citrullinated proteins using rhodamine-PG

- Detection of citrullinated proteins using biotin-PG

- Purification of recombinant human NNMT

- Human NNMT activity assay

- Purification of recombinant human pyruvate kinase M2 (PKM2)
- Human PKM2 activity assay

- Human enolase activity assay

- Protease-Serpin activity assay

- Purification of recombinant human wildtype and R376K a2-antiplasmin

- Construction of R376K antiplasmin mutant

QUANTIFICATION AND STATISTICAL ANALYSIS

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Herein, we used our suite of citrulline-specific probes to identify more than 150 novel
citrullinated proteins from RA serum, synovial fluid and synovial tissue samples,
including Serpins and metabolic enzymes. This is the most comprehensive survey of the
RA-associated citrullinome carried out to date. Moreover, we demonstrate for the first
time that citrullination has profound effects on the activity of a range of metabolic
enzymes, including NNMT, and Serpins. Serpin citrullination abolishes their inhibitory
activity, thus effectively activating their cognate proteases. Under these circumstances,
the active proteases would be able to increase the degradation of the extracellular matrix
as well as modulate the activity of various cellular processes including blood coagulation,
complement activation and fibrinolysis. Since aberrant citrullination is a hallmark of
numerous diseases, including lupus, atherosclerosis and various cancers, we predict that
our findings will open new avenues of study into the role of citrullination in human
disease.
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Highlights
. Identified citrullinated proteins in RA serum, synovial fluid, and synovial
tissue.
. Citrullination of NNMT abolishes its methyltransferase activity.
. Serpin citrullination abolishes their ability to inhibit their cognate proteases.
. Serpin citrullination modulates Serpin-regulated pathways.
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Figure 1. Phenylglyoxal based probes for the detection of protein citrullination in biological

samples

A) Structure of biotin-phenylglyoxal (biotin-PG) and rhodamine-phenylglyoxal (Rh-PG). B)
Phenylglyoxal probes selectively label citrullinated proteins under acidic conditions. C)
Schematic representation of methods used for labeling protein citrullination in healthy and
RA patient samples using Rh-PG (top) and biotin-PG (bottom). D) Comparison of
citrullinated protein levels detected from healthy and RA serum, synovial fluid and synovial

tissue samples using Rh-PG. See also Figure S1A.
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Figure 2. Identification of the RA-associated citrullinome
A) Schematic representation of experimental procedure used for the detection of protein

citrullination by proteomic analysis. B) Volcano plot showing identities of citrullinated
proteins that are elevated in RA serum (left), synovial fluid (middle) and synovial tissue
(right) compared to healthy samples. The y-axis is p-value and the x-axis is the RA/Healthy
ratio. C) Pie charts show distribution of elevated citrullinated proteins from synovial fluid
and synovial tissue samples. Functional classification of citrullinated proteins from RA
synovial fluid (top left) and synovial tissue (top right). Endogenous expression of
citrullinated proteins from RA synovial fluid (bottom left) and synovial tissue (bottom
right). D) Statistical over representation test for Panther protein classes citrullinated in
synovial fluid (left) and biological processes citrullinated in tissue (right). The percentage of
proteins which belong to a particular category in the input list (citrullinated proteins in RA)
are compared to the percentage of proteins in the reference list (complete human genome)
belonging to the same category. The categories which showed the highest degree of
enrichment in RA synovial fluid and synovial tissue are shown.
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Figure 3. Quantification of citrullinated proteins by Western blot and ELISA
A) Schematic representation of experimental approaches used to quantitate citrullinated

proteins by sandwich ELISA and Western blot. B) Quantification of citrullinated
antiplasmin, antitrypsin, plasminogen and transferrin from RA and healthy serum and
synovial fluid samples. Serum and synovial fluid samples were labeled with biotin-PG and
citrullinated proteins isolated with streptavidin agarose. The inputs and eluents were probed
by Western blotting using antibodies against the protein of interest. The blot was incubated
with the appropriate secondary antibody and streptavidin. Experiments were carried out in
triplicate and p-values calculated. C) Quantification of citrullinated antiplasmin,
antithrombin, antitrypsin and ApoAl from RA and healthy serum and synovial fluid
samples. Serum and synovial fluid samples were labeled with biotin-PG and incubated with
capture antibody coated 96-well plates to isolate the protein of interest. The plates were
further incubated with streptavidin-HRP followed by addition of fluorescent HRP substrate.
Experiments were carried out in triplicate and p-values calculated. See also Figure S1B and
Si1C.
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Figure 4. Functional effect of citrullination on Serpins
A) Schematic diagram showing the effect of citrullination on Serpin activity. Citrullination

of the P1-arginine in Serpins abolishes their inhibitory activity against their cognate
proteases. B) Citrullination of antiplasmin, C1 inhibitor, antitrypsin and t-PAI (10 uM each).
Proteins citrullinated by PAD1, PAD2, PAD3 and PAD4 were labelled with Rh-PG. Proteins
were separated by SDS-PAGE and rhodamine fluorescence imaged (top). Coomassie images
(bottom) confirm equal loading. Band intensities were quantified, normalized against
uncitrullinated proteins and plotted against PAD1, PAD2, PAD3 and PADA4. C) ICsgq plots
showing inhibition of plasmin by citrullinated and uncitrullinated antiplasmin. Plasmin (50
nM) was mixed with different concentrations of citrullinated or uncitrullinated antiplasmin
and incubated for 30 min at room temperature. Hydrolysis of the plasmin substrate D-Val-
Leu-Lys-pNA (1 mM) was monitored spectrophotometrically at 405 nm. D) ICgq plots
showing inhibition of kallikrein by various concentrations of citrullinated and uncitrullinated
C1 inhibitor. Kallikrein (100 nM) was mixed with different concentrations of citrullinated or
uncitrullinated C1 inhibitor and incubated for 30 min at room temperature. Hydrolysis of the
kallikrein substrate N-benzoyl-Pro-Phe-Arg-pNA (1 mM) was monitored
spectrophotometrically at 405 nm. See also Figure S5 and Table S3.
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Figure 5. Functional effect of citrullination on antithrombin
A) Schematic diagram showing the effect of citrullination on antithrombin activity. Upon

interaction with heparin, the P1 residue flips into a protease-accessible conformation.
Heparin also enhances citrullination of the P1-arginine. B) Citrullination of antithrombin in
the absence and presence of heparin. Antithrombin (10 pM) was incubated in the presence
and absence of heparin (1 mM) for 30 min at 37 °C before incubation with PADs followed
by labeling with Rh-PG. Proteins were separated by SDS-PAGE and rhodamine fluorescence
imaged (top). Coomassie images (bottom) confirm equal loading. Intensities were
quantified, normalized against uncitrullinated proteins and plotted against PAD1, PAD2,
PAD3 and PAD4. C) ICsq plots showing inhibition of thrombin (50 nM) by citrullinated and
uncitrullinated antithrombin in the absence of heparin. Thrombin (50 nM) was mixed with
citrullinated or uncitrullinated antithrombin and incubated for 30 min at room temperature.
Hydrolysis of the thrombin substrate tosyl-Gly-Pro-Ala-pNA (1 mM) was monitored
spectrophotometrically at 405 nm. ICgq plots showing inhibition of thrombin by various
concentrations of citrullinated and uncitrullinated antithrombin in the presence of heparin.
Antithrombin (10 uM) was incubated with heparin (1 mM) for 30 min at 37 °C before
citrullinating it with PADs. Thrombin (50 nM) was mixed with citrullinated or
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uncitrullinated antithrombin and incubated for 30 min at room temperature. Hydrolysis of
the thrombin substrate tosyl-Gly-Pro-Ala-pNA (1 mM) was monitored
spectrophotometrically at 405 nm. See also Table S4.
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Figure 6. Schematic representation of NETosis
In response to a stimulus, such as activated platelets, pathogens, or chemokines, neutrophils

decondense and externalize their chromatin (DNA and histones), enzymes and proteins to
form NET like structures that capture pathogens. The PADs are amongst the enzymes that
are released during this process where they go on to citrullinate numerous Serpins,
ultimately leading to their inactivation with a consequent increase in protease activity.
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