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deiminase (PAD) activity in synovial fluid of
patients with rheumatoid arthritis using a
novel assay for citrullination of fibrinogen
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Abstract
Introduction: Members of the peptidylarginine deiminase (PAD) family catalyse the posttranslational conversion of
peptidylarginine to peptidylcitrulline. Citrullination of proteins is well described in rheumatoid arthritis (RA), and
hypercitrullination of proteins may be related to inflammation in general. PAD activity has been demonstrated in
various cell lysates, but so far not in synovial fluid. We aimed to develop an assay for detection of PAD activity, if
any, in synovial fluid from RA patients.
Methods: An enzyme-linked immunosorbent assay using human fibrinogen as the immobilized substrate for
citrullination and anti-citrullinated fibrinogen antibody as the detecting agent were used for measurement of PAD
activity in synovial fluid samples from five RA patients. The concentrations of PAD2 and calcium were also determined.
Results: Approximately 150 times lower levels of recombinant human PAD2 (rhPAD2) than of rhPAD4 were required
for citrullination of fibrinogen. PAD activity was detected in four of five synovial fluid samples from RA patients and
correlated with PAD2 concentrations in the samples (r = 0.98, P = 0.003). The calcium requirement for half-maximal
activities of PAD2 and PAD4 were found in a range from 0.35 to 1.85 mM, and synovial fluid was found to contain
sufficient calcium levels for the citrullination process to occur.
Conclusions: We present an assay with high specificity for PAD2 activity and show that citrullination of fibrinogen can
occur in cell-free synovial fluid from RA patients.

Introduction
Posttranslational modifications, such as citrullination,
methylation or glycosylation, are common alterations that
modify protein structure and possibly stability, functionality
and antigenicity of proteins. The peptidylarginine deiminases (PADs) are a family of enzymes capable of converting
arginine residues in (poly)peptides to citrullines, a process
known as citrullination. Five PAD isoforms (PADs 1 to 4
and PAD6), with differential cellular and tissue distribution,
have been described in humans [1]. Citrullination regulates
homeostatic processes such as keratinocyte differentiation
[2] and maintenance of myelin sheath insulation [3].
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Moreover, citrullination is involved in the innate immune
response—that is, by regulation of chemokine activity [4]—
and by formation of neutrophil extracellular traps [5].
Citrullination has been linked to the pathogenesis of
an increasing number of diseases (reviewed in [6]), with
rheumatoid arthritis (RA) being the most intensively
explored example [7]. In RA, PADs play a crucial role in
the generation of the citrullinated proteins targeted by anticitrullinated protein antibodies (ACPAs) [7] and citrullinated peptides recognized by autoreactive T cells [8]. Thus,
a major proportion of RA patients carry human leucocyte
antigen molecules containing the “shared epitope” motif [9]
capable of binding citrullinated self-peptides [10]. The different isoforms of PAD have different substrate specificities
[11] and may thus generate different citrullinated peptides
for recognition by self-reactive T cells. Increased levels of
PADs and hypercitrullination of proteins have been linked
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to other chronic inflammatory diseases, including neurodegenerative conditions such as multiple sclerosis [12] and
Alzheimer’s disease [13].
Activity of PADs has been demonstrated in various cell
lysates, such as muscle, ovary and spinal cord [14]. The
presence of PADs has been shown in synovial fluid from
RA patients as well as from patients with osteoarthritis
(OA) [15]. Although numerous citrullinated proteins have
been described in synovial fluid of RA patients [16], it has
not, to our knowledge, been shown that the conditions necessary for PADs to be active, including an appropriate
calcium concentration, are met in synovial fluid. Binding
of calcium to PADs alters the conformation of the catalytic
site and thereby PADs’ interaction with various substrates
[17]. Depending on the method of detection, half-maximal
PAD activity has been reported at calcium concentrations
ranging from 40 μM to 3.3 mM [14,18,19]. The low intracellular calcium levels of resting cells indicate that intracellular citrullination occurs only after cell stimulation or
after membrane disintegration as a result of cell death
[20]. Both intracellular proteins (for example, vimentin)
and extracellular proteins (for example, fibrinogen) are
targets for ACPAs in RA [21,22], and the citrullinated
forms of vimentin and fibrinogen and fibrin have been
shown to enhance a proinflammatory immune response in
ACPA-positive patients [23-25]. It is unclear which citrullinated antigens are more important in the pathogenesis.
Several methods for measurement of PAD activity have
been described. These assays usually measure conversion
of arginine to citrulline in synthetic peptides by means of
colorimetry [26], high-performance liquid chromatography,
fluorometry [27], fluorescence quenching [28], spectrophotometry [29] and antibody-based detection [14] and differ
with respect to sensitivity and applicability for biological
samples [30]. None of them are capable of discriminating
between citrullination caused by the different PAD isotypes, however.
Different substrate specificities have been demonstrated
for PAD2 and PAD4 [11,31], with PAD4 showing a more
restricted pattern than PAD2. In the present study, we
exploited these differences to develop an assay, measuring
citrullination of fibrinogen, with almost complete specificity for PAD2 activity. This assay provides new insight into
the calcium requirement of PAD2 and PAD4, and we used
it to determine the catalytic activity of PADs in synovial
fluid samples.

Methods
Collection of synovial fluid from rheumatoid arthritis
patients

Synovial fluid samples were obtained during joint aspiration for therapeutic reasons from five patients with
RA (four women). The patients fulfilled the American
College of Rheumatology criteria for the diagnosis of RA
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[32] and gave us their written informed consent for participation. The mean age (range) of the patients was 58.6
(45 to 69) years. Four patients were positive for ACPAs.
All samples were stored at −80°C until use. Before analysis,
synovial fluid samples were treated with hyaluronidase
(Hylase Dessau; Riemser Arzneimittel, Greifswald, Germany)
at 37°C for 30 minutes and centrifuged at 3,500 rpm
for 10 minutes. The study was approved by the local ethics
committee of the Institute of Rheumatology, Charles
University Prague, Czech Republic.
Quantification of Ca2+ concentration in synovial fluids

Synovial fluid calcium concentrations were determined
using a colorimetric assay based on formation of a
chromogenic complex between free calcium and o-cresolphthalein (Abcam, Cambridge, UK). Absorbance was
measured at 575 nm using the SPECTROstar Nano microplate reader (BMG Labtech, Ortenberg, Germany).
Quantification of peptidylarginine deiminase 2
concentration in synovial fluids

The PAD2 content in synovial fluid samples was determined in a previously described assay [33]. In brief,
enzyme-linked immunosorbent assay (ELISA) plates were
coated with anti-PAD2 monoclonal antibody (mAb) DN2
(1 μg/ml) overnight at 4°C. Synovial fluid samples were diluted twofold from 1:10 to 1:80 in dilution buffer (phosphate-buffered saline (PBS), 0.5% Tween 20, 2% bovine
serum (Sigma, St Louis, MO, USA), 20 μg/ml Mouse
Immunoglobulin G Isotype Control (Novus Biologicals,
Cambridge, UK), pH 7.4) and incubated for 2 hours at
room temperature. Biotinylated anti-PAD2 mAb DN6
(1 μg/ml) was added, followed by incubation with
streptavidin-conjugated horseradish peroxidise (HRP;
Invitrogen, Carlsbad, CA, USA) and development with
o-phenylenediamine substrate (Kem-En-Tec Diagnostics, Taastrup, Denmark). All standards and samples
were measured in duplicates. Absolute PAD2 concentrations were calculated by regression analysis for the
standard curve using four-parameter logistic curvefitting by means of MARS software (BMG Labtech).
Peptidylarginine deiminases

Recombinant human PAD2 (rhPAD2) and rhPAD4 were
produced, purified and defined by means of mass concentration, as described previously [34]. Commercially
available rhPAD enzymes ModiQuest (MQ) rhPAD2
(MQ21.101; 4.88 mU/ml) and MQ rhPAD4 (MQ21.102;
58.3 mU/ml) were all purchased from ModiQuest, Oss,
Netherlands.
Antibodies

Monoclonal mouse anti-citrullinated fibrinogen (anticFib) (clone 20B2) and human anti-cFib (clone 1 F11)
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were purchased from ModiQuest (MQ13.102 and
MQR2.101, respectively). HRP-conjugated polyclonal
rabbit anti-mouse antibodies were obtained from Dako
(Glostrup, Denmark).
In vitro citrullination of fibrinogen

Fibrinogen (Calbiochem, Darmstadt, Germany) was incubated at a final concentration of 1.0 mg/ml with rhPAD2
(60 ng/ml) raised in-house in citrullination buffer
(100 mM Tris-HCl, 10 mM CaCl2, 1 mM dithiothreitol
(DTT), pH 7.5) overnight at 37°C. Mobility changes of
citrullinated fibrinogen were confirmed with SDS-PAGE.
Enzyme-linked immunosorbent assay activity

Nunc MaxiSorp ELISA plates (Roskilde, Denmark) were
coated overnight at 4°C with 100 μl of fibrinogen (1.0 μg/
ml) in coating buffer (30 mM Na2CO3, 70 mM NaHCO3,
pH 9.6). Wells were washed thrice and blocked in washing
buffer A (Tris-buffered saline, 0.05% Tween 20, pH 7.4) for
20 minutes at room temperature. In general, rhPADs were
diluted in citrullination buffer and incubated for 3 hours at
room temperature for determination of activity and calcium dependency. Synovial fluid samples were applied diluted 1:3 in various buffers (Tris-HCl, 1 mM DTT with or
without 10 mM CaCl2 or ethylenediaminetetraacetic acid
(EDTA)). Following three washes in washing buffer B (PBS,
0.05% Tween 20, pH 7.4), the wells were incubated for
90 minutes at room temperature with 100 μl of murine
anti-cFib antibody in washing buffer B. After three further
washes, the wells were incubated with 100 μl of HRPconjugated polyclonal rabbit anti-mouse immunoglobulin
antibodies (Dako) diluted 1:1,000 in washing buffer B. Finally, the plates were washed thrice in washing buffer B
and incubated with 0.4 mg/ml o-phenylenediamine in developing buffer (35 mM citric acid, 65 mM Na2PO4,
pH 5.0). After 10 minutes, the colour reaction was stopped
with 1.0 M H2SO4, and optical density (OD) was measured
at 490 to 650 nm using the SPECTROstar Nano microplate reader (BMG Labtech). Data were processed using
MARS software (BMG Labtech). This procedure was
modified as indicated in the Results section.
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fibrinogen was incubated with different rhPADs for various periods. Citrullination of fibrinogen was detectable
as early as after 2.5 minutes, and the highest signals,
without reaching a plateau, were observed after 4 hours
of incubation (Figure 1B). A substantial degree of citrullination occurred after 3 hours of incubation, which was
selected for subsequent studies.
Comparison between enzymatic activities of
peptidylarginine deiminases 2 and 4

The assay proved markedly more sensitive to PAD2 activity than PAD4 activity, in that approximately 150
times more in-house rhPAD4 was required to achieve an
extent of fibrinogen citrullination comparable to that
catalysed by in-house rhPAD2 (Figure 2A). The lower
limit of detection (LOD), defined as background plus 3
times standard deviation (SD), was 0.46 ng/ml for
rhPAD2 and 234 ng/ml for rhPAD4. A similar pattern
was observed for the recombinant enzymes obtained
from ModiQuest, where ~20 times more units of
MQPAD4 than of MQPAD2 were needed for similar
levels of Fib citrullination (Figure 2B). The LOD for MQ
rhPAD2 was 0.08 mU/ml and 1.25 mU/ml for MQ
rhPAD4. Using a different antibody for detection, that is
human anti-cFib antibody (clone 1 F11), we obtained similar preference for PAD2-mediated citrullination (data not
shown).
Calcium dependency of peptidylarginine deiminases 2
and 4

The enzymatic properties of four different PAD preparations were tested at calcium concentrations ranging
from 50 μM to 10 mM (Figure 3). No activity of any of
the enzymes was observed below 110 μM calcium. Maximal activities were observed in the range from around
1.5 to 10 mM CaCl2. MQ rhPAD2, in-house rhPAD2
and in-house rhPAD4 showed similar requirements for
calcium. The half-maximal activities of these enzymes
were observed at CaCl2 concentrations of 0.35 mM,
0.46 mM and 0.55 mM, respectively. MQ rhPAD4 required
markedly higher calcium concentrations for citrullination,
showing half-maximal activity at 1.85 mM CaCl2.

Statistical analysis

All experiments are shown as means and ranges of duplicate measurements. Pearson’s correlation (r) coefficient and levels of significance were determined using
GraphPad Prism 5.0 software (GraphPad Software, La
Jolla, CA, USA).

Results
Assay for detection of citrullinated human fibrinogen

We developed an assay for citrullination of immobilized
human fibrinogen using a mAb specific for cFib as the
detecting antibody (Figure 1A). Immobilized human

Peptidylarginine deiminase activity can be determined in
synovial fluid from patients with rheumatoid arthritis

Synovial fluid samples from five patients with RA (SF1
to SF5) were tested for PAD activity. The calcium content in the samples ranged from 1.5 to 2.5 mM (data not
shown), which was well within the range for PAD to be
active, as shown above. Four of the five samples were
capable of citrullinating fibrinogen after 1:3 dilution in
Tris buffer, yielding a final calcium concentration of 0.5
to 0.83 mM (black columns in Figure 4A). Optimizing
the enzymatic properties by addition of 10 mM CaCl2 to
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Figure 1 In situ citrullination of human fibrinogen. (A) Fibrinogen (Fib) or citrullinated fibrinogen (cFib) was immobilized to enzyme-linked
immunosorbent assay (ELISA) plates at a concentration of 1 μg/ml. Increasing concentrations of the anti-cFib monoclonal antibody (mAb; clone
20B2) were added, followed by addition of enzyme-conjugated rabbit anti-mouse immunoglobulin antibodies and o-phenylenediamine substrate.
All data points represent means and ranges of duplicate measurements of optical density at 490 nm. (B) ELISA plates were coated with 1.0 μg/ml
human fibrinogen and incubated with citrullination buffer including recombinant human peptidylarginine deiminase (rhPAD) enzyme, ModiQuest
(MQ) PAD2 (8 mU/ml), rhPAD2 (42 ng/ml), MQPAD4 (49 mU/ml) or rhPAD4 (1,500 ng/ml). Shown is the activity as a percentage of the maximal
activity obtained for each enzyme, corresponding to the activity at 4 hours. Anti-cFib mAb was used at a concentration of 0.5 μg/ml, as
determined from the graph shown in (A). Symbols and error bars represent means and ranges of duplicate measurements.

the buffer markedly increased the activity in three samples (SF2, SF3 and SF5) and to a minor extent in one
sample (SF1). Addition of the calcium chelator EDTA
eliminated activity in all samples (grey and white columns in Figure 4A, respectively).
The five samples all contained soluble PAD2, at concentrations ranging from 12 ng/ml to 35 ng/ml (x-axis
in Figure 4B), and the PAD activity of the samples correlated with the PAD2 content (Figure 4B).

Discussion
The presence of PAD2 and PAD4 have been demonstrated in synovium from RA and OA patients [15], and
multiple citrullinated proteins are known to be present

in synovial fluid from RA patients [16]. It has not been
established, however, if the requirements for the two isoforms to be active are met in the synovium for citrullination to take place in situ. Alternatively, citrullinated
proteins may be translocated to synovial fluid from other
sites. Insight into the absolute and relative activities of
different PAD isoforms in synovial fluid in various types
of joint inflammation may lead to a better understanding
of the pathophysiology of the diseases and may be diagnostically useful.
The assay for citrullination of human fibrinogen presented here showed a strong preference for detection of
PAD2 activity compared to PAD4 activity. We modified an
already existing antibody-based ELISA [14] by changing

Figure 2 Comparison between enzymatic activities of peptidylarginine deiminases 2 and 4. Enzyme-linked immunosorbent assay plates
were coated with 1.0 μg/ml human fibrinogen. (A) Recombinant human peptidylarginine deiminase 2 (rhPAD2) or rhPAD4 raised in-house were
used for citrullination at mass concentrations ranging from 0.1 ng/ml to 15 μg/ml. (B) Commercially available ModiQuest (MQ) PAD2 or MQPAD4
enzymes were used in units ranging from 0.1 mU/ml to 100 mU/ml. Following a 3-hour citrullination period, the anti-cFib mAb (0.5 μg/ml) was
used for detection of citrullinated fibrinogen. Duplicate measurements of optical density (OD) at 490 nm are shown as mean and range.
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Figure 3 Calcium dependency of peptidylarginine deiminases. Enzyme-linked immunosorbent assay plates were coated with 1.0 μg/ml
human fibrinogen and incubated with four different recombinant human peptidylarginine deiminase (rhPAD) preparations: ModiQuest (MQ)
PAD2 (8 mU/ml), rhPAD2 (42 ng/ml), rhPAD4 (1,500 ng/ml) or MQPAD4 (49 mU/ml). Dithiothreitol was added at a concentration of 1.0 mM, and
CaCl2 was added at concentrations ranging from 50 μM to 10 mM. Following 3 hours of incubation, citrullination was measured using mouse
anti-cFib monoclonal antibody (0.5 μg/ml). Shown is the activity as a percentage of maximal activity for each enzyme. Symbols and error bars
represent means and ranges of duplicate measurements.

the enzyme substrate from arginine-rich peptides to
full-length fibrinogen. Citrullinated fibrinogen is a wellestablished autoantigen in RA [22], with approximately
two-thirds of RA patients having autoantibodies against
this modified self-antigen [35]. It is well established that
PAD2 and PAD4 citrullinate fibrinogen to different degrees and target different arginine residues [11,31]. The
detecting antibody used in the present study (clone 20B2)
apparently recognizes an epitope on fibrinogen that is
preferentially citrullinated by PAD2. Therefore, it cannot
be firmly concluded that PAD2 is more potent than PAD4.

The main finding of our study is that PAD activity was
present in four of five synovial fluid samples from RA patients. In accordance with the PAD2 specificity of the
assay, the PAD activity of the samples correlated with their
PAD2 content. This finding does not exclude PAD4 activity in synovial fluid, however. Pure synovial fluid could not
be applied to the assay, owing to the high viscosity of the
samples, so it was necessary to apply a threefold dilution
of the samples. The calcium concentration of the samples
fell below the 1.5 mM required for optimal activity. Therefore, the activity observed after dilution in buffer

Figure 4 Peptidylarginine deiminases activity in synovial fluid samples from rheumatoid arthritis patients. (A) Synovial fluid (SF) samples
from five rheumatoid arthritis patients were applied on enzyme-linked immunosorbent assay plates coated with fibrinogen (1 μg/ml) after 1:3
dilution into Tris buffer with 1 mM dithiothreitol (DTT; black columns), Tris buffer containing 1 mM DTT and 10 mM CaCl2 (grey columns) or Tris
buffer containing 1 mM DTT and 10 mM ethylenediaminetetraacetic acid (EDTA; white columns). Following a 3-hour incubation period, the
monoclonal mouse anti-citrullinated fibrinogen (anti-cFib) (0.5 μg/ml) was used for detection of citrullinated fibrinogen. Peptidylarginine deiminase
(PAD) activity is presented as optical density (OD) at 490 nm of duplicated measurements. (B) Association between PAD2 concentration and PAD
activity in the five SF samples diluted 1:3 in citrullination buffer containing 10 mM CaCl2 (grey circles, solid line) or no additive calcium (black circles,
dotted line). Pearson’s correlation coefficients (r) and levels of significance are shown.
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containing 10 mM calcium for optimal activity presumably more closely reflects the activity of untreated synovial fluid.
We found a pronounced calcium dependency of PAD2
and PAD4, which both required calcium concentrations
above 100 μM to be active. Some investigators have
demonstrated half-maximal activity of rabbit PAD2 and
rhPAD4 around 40 to 80 μM [14,18], whereas others
have found roughly tenfold higher concentrations (200
to 750 μM) [11,29,36], in agreement with our findings.
In a recent study, investigators found half-maximal activity
of human PAD4 to be as high as 3.3 mM [19]. Use of different substrates in various assays or different enzyme purification procedures may account at least in part for these
differences. Presumably, intracellular calcium concentrations above 100 μM can be achieved only in situations of
pronounced membrane disruption after serious cell damage
or death, and not even during apoptosis [37,38]. Factors
other than calcium may enhance the catalytic properties of
PADs, rendering intranuclear and/or intracellular activity
possible. Thus, ATP induces intracellular, PAD2-mediated
citrullination in mast cell cultures and facilitates release of
citrullinated proteins and PAD2 itself [20].

Conclusions
We have developed an assay to measure activity of PADs
using a RA autoantigen—fibrinogen. The assay is highly
specific for PAD2 activity, and we demonstrate catalytic
activity in four of five samples as well as soluble PAD2
content in five of five synovial fluid samples from RA patients.
Thus, citrullination apparently can take place extracellularly
within inflamed joints, contributing to an enhanced local
inflammatory response in ACPA-positive RA patients.
Abbreviations
ACPA: Anti-citrullinated protein antibody; cFib: Citrullinated fibrinogen;
DTT: Dithiothreitol; EDTA: Ethylenediaminetetraacetic acid; ELISA: Enzymelinked immunosorbent assay; Fib: Fibrinogen; HRP: Horseradish peroxidase;
LOD: Limit of detection; mAb: Monoclonal antibody; MQ: ModiQuest;
OA: Osteoarthritis; OD: Optical density; PAD: Peptidylarginine deiminase;
PBS: Phosphate-buffered saline; RA: Rheumatoid arthritis; rhPAD: Recombinant
human peptidylarginine deiminase; SD: Standard deviation.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
DD designed the study, carried out the experiments and drafted the
manuscript. LS collected the synovial fluid samples, characterised the
patients clinically and revised the manuscript critically. MFBN carried out the
experiments and drafted the manuscript. GJMP expressed, purified and
tested recombinant proteins used for the experiments and revised the
manuscript critically. CHN designed the study and drafted the manuscript.
All authors read and approved the final manuscript.
Acknowledgements
This study was supported by the Novo Nordisk Foundation, the Czech
Republic Ministry of Health for conceptual development of research project
00023728 and project SVV: 262512), and the Innovative Medicines Initiative
(IMI)-funded project BTCure 115142-2.

Page 6 of 7

Author details
1
Institute for Inflammation Research, Department of Infectious Diseases and
Rheumatology, Copenhagen University Hospital, Rigshospitalet, Section 7521,
Blegdamsvej 9, DK-2100 Copenhagen, Denmark. 2Institute of Rheumatology
and Clinic of Rheumatology, 1st Faculty of Medicine, Charles University, Na
Slupi 4, 128 50 Prague 2, Czech Republic. 3Department of Biomolecular
Chemistry, Institute for Molecules and Materials, Radboud Institute for
Molecular Life Sciences and Netherlands Proteomics Centre, Radboud
University Nijmegen, P.O. Box 9101, NL-6500 HB Nijmegen, The Netherlands.
Received: 4 August 2014 Accepted: 10 November 2014

References
1. Vossenaar ER, Zendman AJ, van Venrooij WJ, Pruijn GJ: PAD, a growing
family of citrullinating enzymes: genes, features and involvement in
disease. Bioessays 2003, 25:1106–1118.
2. Senshu T, Kan S, Ogawa H, Manabe M, Asaga H: Preferential deimination
of keratin K1 and filaggrin during the terminal differentiation of human
epidermis. Biochem Biophys Res Commun 1996, 225:712–719.
3. Harauz G, Musse AA: A tale of two citrullines–structural and functional
aspects of myelin basic protein deimination in health and disease.
Neurochem Res 2007, 32:137–158.
4. Mortier A, Gouwy M, Van Damme J, Proost P: Effect of posttranslational
processing on the in vitro and in vivo activity of chemokines. Exp Cell Res
2011, 317:642–654.
5. Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y: PAD4 is essential for
antibacterial innate immunity mediated by neutrophil extracellular traps.
J Exp Med 2010, 207:1853–1862.
6. György B, Tóth E, Tarcsa E, Falus A, Buzás EI: Citrullination: a
posttranslational modification in health and disease. Int J Biochem Cell
Biol 2006, 38:1662–1677.
7. Schellekens GA, de Jong BA, van den Hoogen FH, van de Putte LB, van
Venrooij WJ: Citrulline is an essential constituent of antigenic
determinants recognized by rheumatoid arthritis-specific autoantibodies.
J Clin Invest 1998, 101:273–281.
8. Feitsma AL, van der Voort EI, Franken KL, el Bannoudi H, Elferink BG, Drijfhout JW,
Huizinga TW, de Vries RR, Toes RE, Ioan-Facsinay A: Identification of citrullinated
vimentin peptides as T cell epitopes in HLA-DR4-positive patients with
rheumatoid arthritis. Arthritis Rheum 2010, 62:117–125.
9. Gregersen PK, Silver J, Winchester RJ: The shared epitope hypothesis: an
approach to understanding the molecular genetics of susceptibility to
rheumatoid arthritis. Arthritis Rheum 1987, 30:1205–1213.
10. Hill JA, Southwood S, Sette A, Jevnikar AM, Bell DA, Cairns E: Cutting edge:
the conversion of arginine to citrulline allows for a high-affinity peptide
interaction with the rheumatoid arthritis-associated HLA-DRB1*0401
MHC class II molecule. J Immunol 2003, 171:538–541.
11. Nakayama-Hamada M, Suzuki A, Kubota K, Takazawa T, Ohsaka M, Kawaida
R, Ono M, Kasuya A, Furukawa H, Yamada R, Yamamoto K: Comparison of
enzymatic properties between hPADI2 and hPADI4. Biochem Biophys Res
Commun 2005, 327:192–200.
12. Moscarello MA, Mastronardi FG, Wood DD: The role of citrullinated
proteins suggests a novel mechanism in the pathogenesis of multiple
sclerosis. Neurochem Res 2007, 32:251–256.
13. Ishigami A, Ohsawa T, Hiratsuka M, Taguchi H, Kobayashi S, Saito Y,
Murayama S, Asaga H, Toda T, Kimura N, Maruyama N: Abnormal
accumulation of citrullinated proteins catalyzed by peptidylarginine
deiminase in hippocampal extracts from patients with Alzheimer’s
disease. J Neurosci Res 2005, 80:120–128.
14. Zendman AJ, Raijmakers R, Nijenhuis S, Vossenaar ER, Tillaart M, Chirivi RG,
Raats JM, van Venrooij WJ, Drijfhout JW, Pruijn GJ: ABAP: antibody-based assay
for peptidylarginine deiminase activity. Anal Biochem 2007, 369:232–240.
15. Foulquier C, Sebbag M, Clavel C, Chapuy-Regaud S, Al Badine R, Méchin MC,
Vincent C, Nachat R, Yamada M, Takahara H, Simon M, Guerrin M, Serre G:
Peptidyl arginine deiminase type 2 (PAD-2) and PAD-4 but not PAD-1,
PAD-3, and PAD-6 are expressed in rheumatoid arthritis synovium in close
association with tissue inflammation. Arthritis Rheum 2007, 56:3541–3553.
16. van Beers JJ, Schwarte CM, Stammen-Vogelzangs J, Oosterink E, Božič B,
Pruijn GJ: The rheumatoid arthritis synovial fluid citrullinome reveals
novel citrullinated epitopes in apolipoprotein E, myeloid nuclear
differentiation antigen, and β-actin. Arthritis Rheum 2013, 65:69–80.

Damgaard et al. Arthritis Research & Therapy (2014) 16:498

17. Arita K, Hashimoto H, Shimizu T, Nakashima K, Yamada M, Sato M:
Structural basis for Ca2+-induced activation of human PAD4. Nat Struct
Mol Biol 2004, 11:777–783.
18. Takahara H, Okamoto H, Sugawara K: Calcium-dependent properties of
peptidylarginine deiminase from rabbit skeletal muscle. Agric Biol Chem
1986, 50:2899–2904.
19. Darrah E, Giles JT, Ols ML, Bull HG, Andrade F, Rosen A: Erosive rheumatoid
arthritis is associated with antibodies that activate PAD4 by increasing
calcium sensitivity. Sci Transl Med 2013, 5:186ra65.
20. Arandjelovic S, McKenney KR, Leming SS, Mowen KA: ATP induces protein
arginine deiminase 2-dependent citrullination in mast cells through the
P2X7 purinergic receptor. J Immunol 2012, 189:4112–4122.
21. Van Steendam K, Tilleman K, De Ceuleneer M, De Keyser F, Elewaut D,
Deforce D: Citrullinated vimentin as an important antigen in immune
complexes from synovial fluid of rheumatoid arthritis patients with
antibodies against citrullinated proteins. Arthritis Res Ther 2010, 12:R132.
22. Zhao X, Okeke NL, Sharpe O, Batliwalla FM, Lee AT, Ho PP, Tomooka BH,
Gregersen PK, Robinson WH: Circulating immune complexes contain
citrullinated fibrinogen in rheumatoid arthritis. Arthritis Res Ther 2008, 10:R94.
23. Fan LY, He DY, Wang Q, Zong M, Zhang H, Yang L, Sun LS: Citrullinated
vimentin stimulates proliferation, pro-inflammatory cytokine secretion,
and PADI4 and RANKL expression of fibroblast-like synoviocytes in
rheumatoid arthritis. Scand J Rheumatol 2012, 41:354–358.
24. Sanchez-Pernaute O, Filkova M, Gabucio A, Klein M, Maciejewska-Rodrigues
H, Ospelt C, Brentano F, Michel BA, Gay RE, Herrero-Beaumont G, Gay S,
Neidhart M, Juengel A: Citrullination enhances the pro-inflammatory
response to fibrin in rheumatoid arthritis synovial fibroblasts. Ann Rheum
Dis 2013, 72:1400–1406.
25. Sokolove J, Zhao X, Chandra PE, Robinson WH: Immune complexes
containing citrullinated fibrinogen costimulate macrophages via Toll-like
receptor 4 and Fcγ receptor. Arthritis Rheum 2011, 63:53–62.
26. Fearon WR: The carbamido diacetyl reaction: a test for citrulline.
Biochem J 1939, 33:902–907.
27. Chikuma T, Yamada M, Tsuda A, Yamamoto M, Nakashima K, Yajima R, Kato T:
A highly sensitive high-performance liquid chromatography–fluorometric
method for the assay of peptidylarginine deiminase activity.
Anal Biochem 2000, 285:230–234.
28. Wang Q, Priestman MA, Lawrence DS: Monitoring of protein arginine
deiminase activity by using fluorescence quenching: multicolor
visualization of citrullination. Angew Chem Int Ed Engl 2013, 52:2323–2325.
29. Liao YF, Hsieh HC, Liu GY, Hung HC: A continuous spectrophotometric
assay method for peptidylarginine deiminase type 4 activity.
Anal Biochem 2005, 347:176–181.
30. Hensen SM, Pruijn GJ: Methods for the detection of peptidylarginine
deiminase (PAD) activity and protein citrullination. Mol Cell Proteomics
2014, 13:388–396.
31. Assohou-Luty C, Raijmakers R, Benckhuijsen WE, Stammen-Vogelzangs J, de
Ru A, van Veelen PA, Franken KL, Drijfhout JW, Pruijn GJ: The human
peptidylarginine deiminases type 2 and type 4 have distinct substrate
specificities. Biochim Biophys Acta 1844, 2014:829–836.
32. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, Cooper NS, Healey
LA, Kaplan SR, Liang MH, Luthra HS, Medsger TA Jr, Mitchell DM, Neustadt
DH, Pinals RS, Schaller JG, Sharp JT, Wilder RL, Hunder GG: The American
Rheumatism Association 1987 revised criteria for the classification of
rheumatoid arthritis. Arthritis Rheum 1988, 31:315–324.
33. Damgaard D, Palarasah Y, Skjødt K, Catrina AI, Hensen SM, Pruijn GJ, Nielsen
CH: Generation of monoclonal antibodies against peptidylarginine
deiminase 2 (PAD2) and development of a PAD2-specific enzyme-linked
immunosorbent assay. J Immunol Methods 2014, 405:15–22.
34. Raijmakers R, Zendman AJ, Egberts WV, Vossenaar ER, Raats J, SoedeHuijbregts C, Rutjes FP, van Veelen PA, Drijfhout JW, Pruijn GJ: Methylation
of arginine residues interferes with citrullination by peptidylarginine
deiminases in vitro. J Mol Biol 2007, 367:1118–1129.
35. Snir O, Widhe M, von Spee C, Lindberg J, Padyukov L, Lundberg K, Engström A,
Venables PJ, Lundeberg J, Holmdahl R, Klareskog L, Malmström V: Multiple
antibody reactivities to citrullinated antigens in sera from patients with
rheumatoid arthritis: association with HLA-DRB1 alleles. Ann Rheum Dis
2009, 68:736–743.
36. Dreyton CJ, Knuckley B, Jones JE, Lewallen DM, Thompson PR: Mechanistic
studies of protein arginine deiminase 2: evidence for a substrate-assisted
mechanism. Biochemistry 2014, 53:4426–4433.

Page 7 of 7

37. Tombal B, Denmeade SR, Gillis JM, Isaacs JT: A supramicromolar elevation
of intracellular free calcium ([Ca2+]i) is consistently required to induce
the execution phase of apoptosis. Cell Death Differ 2002, 9:561–573.
38. Davies EV, Hallett MB: High micromolar Ca2+ beneath the plasma
membrane in stimulated neutrophils. Biochem Biophys Res Commun 1998,
248:679–683.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

