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Citrullination is the post-translational modification of arginine residues by pepti-
dylarginine deiminases (PADIs). Fibrinogen is one substrate of PADIs under
physiological conditions. Fibrinogen is an important factor for blood coagulation
and inducing inflammation. The citrullinated form of fibrinogen appears in
rheumatoid arthritis synovial tissue together with the production of autoantibodies
that target self-peptides containing citrulline. However, whether the function of
fibrinogen changes after citrullination remains unclear. We found that citrullinated
fibrinogen markedly impairs the function of thrombin-catalysed fibrin polymeriza-
tion and also inhibits fibrin formation. Increased citrullinated fibrinogen might thus
affect the balance between coagulation and fibrinolysis and alter antigenicity under
physiological conditions. These data suggest that citrullination of proteins could
physiologically change functions and subsequently generate pro-inflammatory
conditions and autoimmune reactions.
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X-ray crystallography has revealed that fibrinogen is a
large glycoprotein comprising two each of three non-
identical polypeptide chains (AosBpgys), forming a tri-
globular structure containing an E fragment and two D
fragments (1, 2). This triglobular structure is important
for polymerization in either direction, the result being a
two-molecule thick protofibril with a staggered half-
molecule overlap. Thrombin specifically causes fibrinogen
proteolysis, during which fibrinopeptides A and B are
released from the N-terminal regions of the fibrinogen Aa
and Bp chains, respectively. Thrombin is a trypsin-like
serine protease and the last protease in the clotting
cascade to cleave soluble fibrinogen to insoluble fibrin.
To start the clotting cascade, thrombin cleaves between
residues Argl6 and Glyl7 of the Ao chain and residues
Arg14 and Gly15 of the B chain to expose the polymeriza-
tion sites in fibrinogen and the resultant monomers join
together to form protofibrils (3-8). Extravascular coagula-
tion frequently accompanies inflammation. The products
of damaged cells stimulate endothelial cell retraction
during inflammation, permitting fibrinogen and other
plasma constituents to escape the vasculature (9).
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Peptidylcitrullines in proteins are produced only
through the post-translational modification of arginine
residues catalysed by peptidylarginine deiminase (PADI),
as no tRNA for citrulline is known. Five PADI isozymes
with highly conserved peptide sequences have been
identified in several mammals. The guanidino group of
arginine is replaced by the ureido group during peptidy-
larginine conversion to peptidylcitrulline. This modifica-
tion decreases the net positive charge of the protein,
causes a loss of potential ionic bonds and interferes with
H-bonds. Such changes lead to protein unfolding (10).
Under physiological conditions, citrullination is involved
in the maturation of keratin and myelin basic protein
(MBP). Histone citrullination can antagonize transcrip-
tional induction by regulating histone Arg methylation
levels (11, 12). However, the physiological roles of PADIs
and their citrullinated protein products remain obscure.

Citrullination has recently become associated with
rheumatoid arthritis (RA), as anti-citrullinated peptide
(anti-CCP) autoantibodies are generated in patients with
RA. The family of autoantibodies directed towards
proteins containing modified citrulline (13-15) shows
higher specificity and sensitivity for RA and seems likely
to prove useful for the early diagnosis of RA in clinical
practice (16-19). Furthermore, RA is closely associated
with functional variants of the gene encoding PADI4 in
various populations (20-25). These data suggest that
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citrullination of self-peptides leads to a break in
tolerance during the very early stages of RA or is
associated with onset of RA. Fibrin(ogen) is one of the
citrullinated proteins recognized by anti-CCP in RA sera
and citrullinated fibrins have been detected in the RA
synovial membrane (15). We identified the sites of
human fibrinogen that are citrullinated by human
PADI2 and PADI4 using liquid chromatography with
tandem mass spectrometry (LC/MS/MS) analysis (26).
Arg16 of the Ao chain and Argl4 of the Bf chain, both of
which represent thrombin cleavage sites, were found to
be converted to citrulline by both enzymes.

The present study investigated the functional effects
of fibrinogen citrullination, revealing that thrombin-
catalysed polymerization of fibrinogen 1is severely
impaired by citrullination.

MATERIALS AND METHODS

Thrombin Cleavage of Synthetic Fibrinopeptides—The
following peptide sequences were synthesized by Operon
Biotechnologies (Germantown, MD, USA): those corre-
sponding to fibrinogen Ao amino acid residues 7-25
(DFLAEGGGVRGPRVVERHQ), Fib_A«P) and Bf-residues
6-24 (NEEGFFSARGHRPLDKKRE, Fib_BpP); those
in which all arginine residues were substituted with
citrulline (DFLAEGGGV -Cit- GP -Cit- VVE -Cit- HQ,
Cit-Fib_AoP; NEEGFFSA —Cit- GH —Cit- PLDKK -Cit- E,
Cit-Fib_BpP); and others in which only the target
site of thrombin was citrullinated (DFLAEGGGV-
Cit-GPRVVERHQ, 16Cit-Fib_AoP; NEEGFFSA-Cit-
GHRPLDKKRE, 14Cit-Fib_BpP).

To create thrombin digests, a mixture containing 1 ul of
thrombin (Sigma Aldrich, St Louis, MO, USA; 0.05 NIH
units) and 1mg/ml of peptide in 20 pul of 10mM CaCls,
100mM Tris/HC1 (pH 7.4), 37.5mM NaCl and 5mM
dithiothreitol (DTT) was incubated at 25°C for 0 or
60min. Reactions were stopped with 2pul of 0.5M
ethylenediaminetetra-acetic acid (EDTA) (pH 8.0).
Samples were diluted with 30pul of distilled water,
separated by reverse-phase HPLC (Gilson, Middleton,
WI, USA) using a Beta Basic-18 column (Thermo Fisher
Scientific, Waltham, MA, USA) with a linear gradient
comprising 0% solvent B (acetonitrile/0.1% trifluoroacetic
acid) to 50% solvent B at a flow rate of 1 ml/min, then
peptides were detected as absorbance at 214nm (27).
Inhibition assay was performed using a mixture of 0 or
0.5mg/ml 16Cit-Fib_AoP and a dilution series of
Fib_AoP. Reverse-phase HPLC was used for the detec-
tion of peaks, as described.

Expression and Purification of Human PADI4—
His-tagged hPADI4 was expressed in bacteria BL21-SI
(Invitrogen, Carlsbad, CA, USA) by 0.3 M NaCl induction
for 3.5h at 30°C. Fusion proteins were purified using a
HiTrap column (GE Healthcare UK, Little Chalfont,
Buckinghamshire, England) according to the instructions
of the manufacturer. Human PADI4 (hPADI4) was
extensively dialysed against hPADI4 dialysis buffer
(10 mM Tris—HC1 (pH 7.6), 150 mM NaCl, 200uM DTT,
1mM EDTA).

Thrombin-catalysed Polymerization of Native and
Citrullinated Human Fibrinogen by hPADI4—Human
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PADI4 was mixed with reaction buffer comprising 25 mM
Tris—HCI (pH 7.6), 20 mM CaCl,, 5mM DTT and human
fibrinogen (American Diagnostica, Stanford, CT, USA),
then incubated for 3h at 37°C. The degree of citrullina-
tion of human fibrinogen was determined colorimetrically
(28). Native and citrullinated types of human fibrinogen
were respectively purified using HiPrep26/60 Sephacryl
S-300 and dialysed against 20 mM Tris—HCI (pH 7.4) and
150mM NaCl, then polymerization was assayed as
described (29). Briefly, 95ul of native or citrullinated
human fibrinogen in 20mM Tris—HCI (pH 7.4), 150 mM
NaCl and 1mM CaCl; or 1mM EDTA was added to each
well. Thrombin (5ul) thrombin was then added and
turbidity was monitored every 20s for 40 min at 350 nm
and 25°C. The final concentrations were 0.15mg/ml of
native or citrullinated human fibrinogen and 0.05 U/ml of
thrombin.

Anti-chemically modified citrulline antibodies (anti-
MC) antibody was purchased from Millipore (Billerica,
MA, USA). Anti-fibrinopeptide A antibody (anti-FPA)
was obtained from Hytest (Turku, Finland). Anti-FPA
recognizes FPA containing the fibrinogen Ao chain.
Horseradish peroxidase-linked anti-rabbit immunoglobu-
lin (Ig)G and anti-mouse IgG (GE Healthcare, UK)
antibodies were used as secondary antibodies for western
blotting.

SDS-PAGE and Western Blotting—Protein samples
were resolved by 10% SDS-PAGE and then transferred
to a polyvinylidene difluoride (PVDF) membrane (Bio-
Rad, Chicago, IL, USA). Blotted membranes used for the
detection of citrullinated proteins by hPADI4 were
chemically modified before immunostaining according to
the instructions provided with an anti-citrulline detec-
tion kit (Millipore, Billerica, MA, USA).

RESULTS AND DISCUSSION

Citrullinated Fibrinogen Peptides are Resistant to
Thrombin Digestion—We previously indicated that
PADI2 and PADI4 modify arginine residues of fibrinogen
to form citrulline. Some of these modified residues are
included in thrombin recognition sites. To investigate the
effect of these modifications, we digested synthetic
peptides that included the recognition sites with
thrombin in vitro and then analysed the products by
reverse-phase HPLC. We found that Cit-Fib_A«P and
Cit-Fib_BpP, which are native forms modified by PADI
enzymes, were resistant to thrombin digestion (Fig. 1A
and B). In contrast, Fib_AoP and Fib_BpP were digested
by thrombin and peaks corresponding to digested frag-
ments were depicted as N and N’ (Fig. 1A and B; relative
rates of cleavage for Fib_Ao and Fib_Bp were 52.1 and
17.4%, respectively). We also found that 16Cit-Fib_AoP
and 14Cit-Fib_BpP, which was the only arginine
residue substituted with citrulline in the thrombin
target site, were also resistant to thrombin digestion
(Fig. 1A and B).

Fibrinogen Citrullination Inhibits Thrombin
Cleavage—To understand how citrullinated fibrinogen
impairs thrombin-catalysed polymerization, we investi-
gated the release of FPA from citrullinated fibrinogen
cleaved by thrombin. FPA release by thrombin of
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Fig. 1. Reverse-phase HPLC separation of peptides
released during thrombin digestion of fibrinogen pep-
tides. Thrombin digestion of peptide Fib_AoP and the variants
Cit-Fib_AoP with 16, 19 and 23 Arg-to-Cit substitutions are
indicated as R and R/, respectively. R” is 16 Cit-Fib_AoP with 16
Arg-to-Cit substitution. The digested peptide is indicated as N.

citrullinated fibrinogen was found to be significantly
impaired, while native fibrinogen released FPA in the
presence of thrombin. The y dimer (y—y) was detectable
only upon thrombin cleavage of native fibrinogen in the
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(B) Thrombin digestion of peptide Fib_BPP and variants
Cit-Fib_BpP with 14, 17 and 23 Arg-to-Cit substitutions are
indicated as R and R/, respectively. R” is 14Cit-Fib_BpP with 14
Arg-to-Cit substitution. The digested peptides are indicated as
N and N’. Thrombin digests were obtained after 0 or 60min
incubations at 37°C (upper, 0 min; lower, 60 min).

presence of 1mM CaCl, (Fig. 2). These data support
the notion that the citrullination of cleavage sites by
thrombin in fibrinogen impairs polymerization by pre-
venting the generation of thrombin digests.
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Fig. 2. Immunoblots of thrombin digests of native and
citrullinated human fibrinogen. Fibrinogen (Fib: native,
citrullinated fibrinogen) was incubated with thrombin and 1 mM
CaCl, or 1mM EDTA at 37°C for 30 min. Untreated fibrinogen
and thrombin digests of fibrinogen were resolved by electrophor-
esis on 10% polyacrylamide/SDS gels. Formation of y dimer (y—y)
upon thrombin digestion was detected by Coomassie Brilliant
Blue (CBB) staining. Western blotting detected the release of FPA
from fibrinogen citrullination the fibrinogen A« chain.

Anti-FPA

Anti-MC

To identify the effect of citrullinating human fibrino-
gen on thrombin-catalysed fibrin polymerization, we
monitored the thrombin-catalysed polymerization of
native and citrullinated human fibrinogen (Fig. 3A). In
the presence of Ca?*, thrombin catalysed the polymeriza-
tion of native fibrinogen, whereas that of citrullinated
human fibrinogen was significantly impaired. Thrombin
did not appear to catalyse the polymerization of either
native or citrullinated human fibrinogen in the presence
of EDTA (Fig. 3A). Furthermore, the presence of cit-
rullinated fibrinogen inhibited the polymerization of
native fibrinogen in a dose-dependent manner (Fig. 3B).
These results suggest that citrullinated fibrinogen is
resistant to fibrin monomer polymerization. To deter-
mine the type of inhibition produced by citrullinated
fibrinogen, we used synthetic peptides that citrullinated
the digestion site as inhibitors for inhibition experiments
of the thrombin reaction. The pattern of the inhibition
indicates that both V..« and K,, were decreased in the
presence of inhibitor (Fig. 4). Citrullinated fibrinogen
thus appears to represent an uncompetitive inhibitor of
thrombin reaction.

We found that citrullinated fibrinogen inhibited
thrombin reaction and was a non-competitive inhibitor.
By definition, non-competitive inhibitors bind to the
complex of enzyme and substrate. Citrullinated fibrino-
gen thus seems likely to affect the complex of fibrinogen
and thrombin and inhibit fibrin formation by thrombin.

The present findings indicate that an increase of
citrullinated fibrinogen would result in impaired fibrin
polymerization and would thus influence haemostasis
under physiological conditions. Since fibrinogen can
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Fig. 3. Polymerization profiles of native and citrullinated
human fibrinogen induced by thrombin. (A) Polymerization
was initiated by adding thrombin at time 0 (0.05U/ml) to
purified native (filled square or open square) and citrullinated
(filled circle or open circle) fibrinogen (0.15mg/ml) with 1 mM
CaCl, or 1mM EDTA. Polymer formation was measured as
changes in turbidity at 350nm over time. (B) Polymerization
profiles of native human fibrinogen with or without increasing
ratios of citrullinated human fibrinogen. Final concentrations of
human fibrinogen in each preparation were identical.

induce chemokine production (30), an imbalance between
coagulation and fibrinolysis caused by citrullinated
fibrinogen might induce chemokine production in syno-
vial cells and affect the development of RA.

An increase in citrullinated fibrinogen might also
influence antigenicity. Indeed, anti-citrullinated protein
antibody can detect citrullinated fibrin(ogen) in RA sera
(15). Furthermore, fibrinogen in mice acquires antigeni-
city through citrullination (31). Conformational changes
caused by the loss of electrical charge and physiological
function due to citrullination might thus affect the
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Fig. 4. Effect of citrullinated fibrinogen peptides on
thrombin digestion. (A) The synthetic peptide Fib_AoP
digested by thrombin (0.01 U) with (filled square) or without
(filled circle) citrullinated peptide, 16 Cit-Fib_AoP. The x- and
y-axis indicate concentration of substrate, Fib_AoP, and ratio of
digested peptide to substrate, respectively. (B) Lineweaver—Burk
plot of the thrombin reaction of Fib_AoP with or without 16
Cit-Fib_AoP.

antigenicity of citrullinated proteins and be associated
with the reduced tolerance found in RA.

CONCLUDING REMARKS

We have provided evidence that fibrinogen citrullination
impairs thrombin-catalysed fibrin polymerization. In
fact, citrullinated fibrinogen and synthetic fibrinopep-
tides corresponding to citrullinated fibrinogen alter the
fibrinopeptide production induced by thrombin, suggest-
ing that citrullination alters fibrinogen and results in
defective thrombin proteolysis. Proteins citrullinated
by PADIs appear to play various roles in physiological
and pathological phenomena. Citrullination in molecular
disposition could affect the establishment of autoimmune
reactions toward citrullinated fibrinogen in RA, although
the effects of citrullination on antigenicity itself would
contribute more to autoimmune reactions (31). Further
investigation of the physiological and pathological func-
tions of citrullination may significantly improve the
understanding of the pathogenesis of RA and contribute
to the molecular biology and immunology of pathological
conditions associated with the coagulation cascade.
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