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Abstract
Rheumatoid arthritis (RA) is one of the most common autoimmune diseases, affecting

approximately 1–2% of the world population. One of the characteristic features of RA is

the presence of autoantibodies. Especially the highly specific anti-citrullinated peptide

antibodies (ACPAs), which have been found in up to 70% of RA patients’ sera, have

received much attention. Several citrullinated proteins are associated with RA, suggesting

that ACPAs may react with different sequence patterns, separating them from traditional

antibodies, whose reactivity usually is specific towards a single target. As ACPAs have

been suggested to be involved in the development of RA, knowledge about these antibod-

ies may be crucial. In this study, we examined the influence of peptide backbone for ACPA

reactivity in immunoassays. The antibodies were found to be reactive with a central Cit-

Gly motif being essential for ACPA reactivity and to be cross-reactive between the

selected citrullinated peptides. The remaining amino acids within the citrullinated peptides

were found to be of less importance for antibody reactivity. Moreover, these findings indi-

cated that the Cit-Gly motif in combination with peptide backbone is essential for antibody

reactivity. Based on these findings it was speculated that any amino acid sequence, which

brings the peptide into a properly folded structure for antibody recognition is sufficient for

antibody reactivity. These findings are in accordance with the current hypothesis that

structural homology rather than sequence homology are favored between citrullinated epi-

topes. These findings are important in relation to clarifying the etiology of RA and to deter-

mine the nature of ACPAs, e.g. why some Cit-Gly-containing sequences are not targeted

by ACPAs.

Introduction
Rheumatoid Arthritis (RA) is a systemic autoimmune disease of unknown etiology. A clinical
characteristic of RA is progressive inflammation in synovia that leads to destruction of joints.
Moreover, individuals with RA experience functional limitations, and may be exposed to
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systemic features such as cardiovascular, pulmonary, psychological and skeletal disorders [1].
Being one of the most severe and most destructive of all joint diseases, RA affects approxi-
mately 1–2% of the adult population world-wide [2,3].

A characteristic feature of RA is the presence of a number of autoantibodies with different
antigenic specificities and varying diagnostic sensitivities and specificities [4,5], e.g. rheuma-
toid factors (RFs) and anti-citrullinated peptide antibodies, ACPAs. Around 50–80% of RA
patients’ sera have been found to be ACPA-positive [6,7], and these individuals experience a
more severe disease compared to RA patients, whose sera have been found to be negative for
these antibodies [1,8]. As with RFs, ACPAs are present early in the course of the disease and
may even precede clinical onset [9,10]. Currently, only ACPAs and RFs are utilized in clinical
practice because of their diagnostic and prognostic value. Different from RFs, antibodies to
citrullinated proteins are more specific for RA and are believed to play a role in the patho-
genesis of the disease, e.g. by activating the complement system and enhancing tissue injury
[11–14].

Even though several autoantibodies have been described in RA [4], ACPAs have received
most attention, as these autoantibodies show the highest disease specificity (approximately
95%)(4,7). Such autoantibodies can be detected with anti-cyclic citrullinated peptide (CCP)
assays for serodiagnosis, which are useful in the diagnosis of RA [1,15].

The targets of ACPAs have been proposed to include several citrullinated proteins, such as
filaggrin, vimentin, collagen I and II, α-enolase and fibrinogen [6,16–20].

Identification of several citrullinated autoantigens may indicate that no traditional epitope
is recognised by ACPAs, e.g. where an antibody recognises a single epitope. In fact, several
citrullinated epitopes have been identified, where the presence of citrulline and small neutrally
charged amino acids in the positions surrounding the citrulline residue seems to be essential
for antibody reactivity [6,18,21,22]. No notable sequence homology exists between the citrulli-
nated targets, indicating that these antibodies are cross-reactive [23–26]. Nevertheless, this is
further complicated, as it has been shown that sera from RA patients yield different reactivity
patterns to citrullinated antigens, due to the presence of ACPAs with varying specificities
[6,23,27,28]. Hence, some ACPAs are referred to as overlapping, recognizing multiple citrulli-
nated targets, while others are referred to as non-overlapping, only recognizing a very limited
number of citrullinated targets [23]. Moreover, it has been shown that ACPA levels positively
correlate with the number of epitopes recognised by ACPA [29]. This apparently prevailing
cross-reactivity complicates the identification of “true” autoantigens responsible for initiation
of ACPA in RA significantly and clearly illustrates the multifaceted aspect of this disease.
Moreover, identification of responsible autoantigens is further complicated as studies describ-
ing ACPA responses indicate that these change over time [28], which, according to Ioan-Facsi-
nay et al., is a matter of continuous activation of naive B cells, hence introducing new
reactivities in the ACPA response [23].

In addition to amino acid homology, primarily focusing on amino acids surrounding the
Cit residue, e.g. Cit-Gly and Cit-Ser, structural homology has been suggested to be essential for
antibody reactivity. These findings were primarily based on cross-reactivity described between
a fibrinogen peptide and a filaggrin-derived peptide antibody [24]. Most important, these
results confirmed that ACPA responses against several citrullinated autoantigens coexist in RA
patients, which is in accordance to studies describing that ACPA-positive RA patient sera rec-
ognise a number of citrullinated antigens, indicating cross-reactive ACPA responses [29].

In this study, antibody reactivity to several citrullinated peptides were analysed to examine
the dependency on peptide backbone for antibody reactivity.

Peptide Backbone and Antibody Reactivity
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Materials and Methods

Materials
Soluble and resin-bound peptides were obtained from Schäfer-N (Lyngby, Denmark). Anti-
CCP2-positive sera and healthy control sera were obtained from the biobank at Statens Serum
Institut. TentaGel S NH2 resin was purchased from RAPP Polymere GmbH (Tübingen, Ger-
many). Alkaline phosphatase (AP)-conjugated goat anti-human IgG, para-nitrophenylpho-
sphate (pNPP), 2-(N-morpholino)-ethanesulfonic acid (MES) and bovine serum albumin
(BSA) were from Sigma Aldrich (Steinheim, Germany). Tris-Tween-NaCl (TTN) buffer (0.05
M Tris, 0.3 M NaCl, 1% Tween 20, pH 7.4), phosphate-buffered saline (PBS) (10 mM
Na2HPO4, 0.15 M NaCl, pH 7.3) and AP substrate buffer (1M diethanolamine, 0.5 mMMgCl2,
pH 9.8) were from Statens Serum Institut (Hillerød, Denmark). Tween 20 and NaN3 were from
Merck (Hohenbrunn, Germany). Phycoerythrin-conjugated goat anti-human IgG was from
Thermo Scientific (Rockford, USA). Microspheres were from Luminex (Austin, TE, USA).

Peptide fragments for analysis
The pro-filaggrin peptide CHQEST-Cit-GRSRGRC, comprising 14 amino acids, was used as
template to generate alanine-substituted peptides and glycine-containing peptides. The pep-
tides are listed in S1 Table. Soluble pro-filaggrin peptides were characterized by high-perfor-
mance liquid chromatography and liquid chromatography-mass spectrometry as previously
described and illustrated [25]. Resin-bound peptides were synthesized on a PEG resin without
the presence of a linker and applied without further characterization.

Luminex immunoassay
Luminex immunoassays were conducted as previously described [25]. Briefly, 1.3x10−8 mol
peptide was coupled to 6.25x105 pre-activated carboxylated microsphere beads using MES (50
mM, pH 5.0) with mixing for 2 h at RT. Following peptide coupling, the beads were washed
and stored in storage buffer (PBS, 0.1% BSA, 0.02% Tween-20, 0.05% NaN3, pH 7.4) at 4°C.
Peptide-antibody interactions were measured by incubating approximately 5000 beads with
human sera (1:100 dilution) for 45 min at RT. Following incubation, the microsphere beads
were washed with assay buffer (PBS, 1% BSA, pH 7.4) (3x1 min). Next, phycoerythrin-conju-
gated goat anti-human IgG was added to the microsphere beads and incubated for 35 min at
RT and washed with assay buffer. Finally, approximately 50 beads of each sample were mea-
sured on a Bioplex reader (Biosource, Camarillo, CA, USA) and peptide-antibody interaction
was determined as described elsewhere [25].

Modified enzyme-linked immunosorbent assay using resin-bound
peptides
Screening of resin-bound peptides was conducted as previously described [25]. Briefly, resin-
bound peptides were added to a 96-well multiscreen filterplate (Millipore, Copenhagen, Den-
mark) and rinsed with TTN buffer (3 x 1 min), followed by blocking in TTN for 20 min. All
incubations with antibodies diluted in TTN were carried out for 1 h at RT followed by three
washes in TTN buffer. The resin beads were washed using a multiscreen vacuum manifold
(Millipore, Billerica, MA, USA). Human patient sera and healthy control sera were used as pri-
mary antibody (200-fold dilution), while AP-conjugated goat anti-human IgG was used as sec-
ondary antibody (1 μg/mL). Bound antibodies were quantified using pNPP (1 mg/mL) diluted
in AP substrate buffer. Finally, the buffer was transferred to a Maxisorp microtitre plate (Nunc,
Roskilde, Denmark) and the absorbance was measured at 405 nm, with background
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subtraction at 650 nm, on a Thermomax microtitre plate reader (Molecular Devices, Menlo
Park, CA, USA).

Patient samples
Aminimum of 10 anti-CCP2-positive sera and 10 healthy donor sera were selected for analysis.
The anti-CCP2-positive sera were selected based on screenings of patient sera suspected to
have RA using the CCP2 ELISA kit (Eurodiagnostica, Malmö, Sweden).

Ethics statement
Anti-CCP2-positive sera and healthy controls were obtained from the biobank at Statens
Serum Institut. The authors did not have direct contact with any patients or donors and were
neither invovled in drawing/collection of samples. The sera were used anonymously.

Statistics
Statistical calculations were performed using duplicate measurements of anti-CCP2-positive
sera and healthy control sera. The values obtained in this study were compared further by
using the two-tailed Student’s t-test for single column analysis and ANOVA applying Dunnetts
test, which compared all columns to control columns.

Results

ACPA reactivity to citrullinated fibrinogen peptides
In order to analyse the cross-reactivity of ACPAs, anti-CCP2-positive sera were analysed for
reactivity to citrullinated resin-bound fibrinogen peptides by modified ELISA. Peptides con-
taining Arg-Gly motifs, where Arg was replaced with Cit, were selected for analysis, as this Cit-
Gly motif previously has been shown to be essential for antibody reactivity [6,25,30]. Non-
citrullinated peptides were used as controls.

Fig 1 illustrates the reactivity of anti-CCP2-positive sera to the fibrinogen peptides. As seen,
the majority of the anti-CCP2-positive sera showed significant reactivity to approximately 12
out of 14 citrullinated peptides (p<0.05) (indicated by� in S1 Table). No notable antibody reac-
tivity was found to the noncitrullinated control peptides. These findings illustrate that these
antibodies are citrulline-dependent and cross-reactive with a variety of peptide sequences.
Interestingly, three anti-CCP2-positive sera only recognised a few citrullinated peptides, con-
firming that the degree of cross-reactivity differs among antibody responses (see S1 Table).

Reactivity to a citrullinated pro-filaggrin peptide
The 14-mer citrullinated pro-filaggrin peptide CHQEST-Cit-GRSRGRC has previously been
found to be recognised by a human monoclonal antibody against citrullinated fibrinogen [25].
Therefore, anti-CCP2-positive sera were analysed for reactivity to this peptide by Luminex
immunoassay.

Fig 2 illustrates the reactivity of anti-CCP2-positive sera and healthy control sera to the
14mer pro-filaggrin peptide. As seen, the anti-CCP2-positive sera showed significant reactivity
to the citrullinated peptide (Cit) (p<0.0001). No reactivity was found to the non-citrullinated
control peptide (Arg), nor were the sera of the healthy control group found to show significant
reactivity to the pro-filaggrin peptide compared to the non-citrullinated control peptide (Arg),
suggesting that the reactivity of the anti-CCP2-positive sera to the citrullinated pro-filaggrin
peptide is specific.
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Reactivity to alanine-substituted pro-filaggrin peptides
As illustrated by Figs 1 and 2, the presence of citrulline and surrounding amino acids is essen-
tial for antibody reactivity. In order to determine the specific contribution of each amino acid
residue to antibody reactivity, single and double alanine-substituted resin-bound pro-filaggrin

Fig 1. Reactivity of anti-CCP2-positive sera (n = 15) to citrullinated resin-bound fibrinogen peptides analysed bymodified ELISA.Noncitrullinated
peptides to each citrullinated peptide were used as controls. Peptides marked by *, indicate citrulline-containing peptides. Significant antibody reactivity was
found to all citrullinated peptides (p<0.05) compared to the non-citrullinated controls, except from peptide DFLAEGGGV-Cit-GPRVVERHQS and
LTTNIMEIL-Cit-GDFSSANNRD.

doi:10.1371/journal.pone.0144707.g001

Fig 2. Reactivity of anti-CCP2-positive sera (n = 32) and healthy donor sera (n = 20) to a linear profilaggrin peptide CHQEST-Cit-GRSRGRC (Cit) and
to a noncitrullinated control (Arg) analysed by Luminex immunoassay. Reactive sera were determined based on reactivity to the noncitrullinated control
peptide. Significant anti-CCP2 reactivity was obtained to the citrullinated peptide (p<0.0001) compared to the healthy donor sera.

doi:10.1371/journal.pone.0144707.g002
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peptides were screened for antibody reactivity by modified ELISA. The peptide CHQEST-
Cit-GRSRGRC was used as template and substitutions were introduced to positions 2–13.

Fig 3 illustrates the reactivity of anti-CCP2-positive sera and healthy control sera to alanine-
substituted pro-filaggrin peptides. As seen in Fig 3A, the majority of the amino acid residues
could be substituted with Ala without influencing antibody reactivity. Only the side-chains of
Cit in position 7, Gly in position 8 and to some extent Arg in position 11 were found to be
essential for antibody reactivity, as antibody reactivity to peptides containing Ala in these posi-
tions showed significantly reduced reactivity compared to the control peptide, CHQEST-Cit-
GRSRGRC (Cit, Gly, Arg, p<0.05).

When comparing antibody reactivity to single and double alanine-substituted peptides, as
seen in Fig 3B, no further reduction in antibody reactivity was found, suggesting that the indi-
vidual amino acid side-chain, rather than the combination of amino acids surrounding the cit-
rulline residue is essential for antibody reactivity. As seen in Fig 3C, no notable reactivity of the
healthy control sera to the alanine-substituted pro-filaggrin peptides was found, indicating that
these results are specific and that the Cit-Gly motif in combination with the peptide backbone
is sufficient for antibody reactivity.

Reactivity to glycine-containing peptides
In order to determine whether the Cit-Gly motif in combination with any random peptide
backbone is sufficient for antibody reactivity, reactivity of anti-CCP2-positive sera to a citrulli-
nated resin-bound glycine oligomer, containing Cit in the same position as in the 14-mer pro-
filaggrin peptide (CHQEST-Cit-GRSRGRC) was analysed by modified ELISA.

Fig 4 illustrates the reactivity of anti-CCP2-positive sera and healthy control sera to glycine
peptides containing citrulline or glycine in position 7. As seen, significant antibody reactivity
was found to the citrullinated peptide (p = 0.0006) compared to the glycine control peptide,
suggesting that the peptide backbone of the citrullinated epitope is important for antibody
reactivity. However, the number of reactive sera was not as pronounced when compared to the
number of sera recognizing the citrullinated pro-filaggrin peptide, seen in Fig 2, suggesting that
other factors than the mere presence of a random peptide backbone and the Cit-Gly motif are
essential for antibody reactivity. Occasionally, a few healthy control sera were found to recog-
nise the citrullinated peptide as well, as was seen in Fig 2.

Reactivity to substituted glycine-containing peptides
In order to analyse the contribution of the peptide backbone for antibody reactivity further, the
reactivity to substituted resin-bound glycine peptides was analysed by modified ELISA. Glycine
peptides containing citrulline in position 7 were systematically substituted with Ala, Ser, Trp,
Pro, Asp and Arg in position 1, 3, 5, 9, 11 and 13. Moreover, peptides containing substitutions
in all of the mentioned positions and peptides containing elements of the original pro-filaggrin
peptide (GGGGST-Cit-GRGGGGG and GGGGGG-Cit-GRSRGRS) were analysed for reactiv-
ity. The latter peptides resembling pro-filaggrin were analysed to determine the importance of
the Cit-Gly surrounding amino acids and to determine the importance of the C-terminal end
for antibody reactivity to the pro-filaggrin peptide, which previously has been suggested to be
essential for antibody reactivity [25].

Fig 5 illustrates the reactivity of anti-CCP2-positive sera and healthy control sera to the vari-
ous substituted peptides. As seen in Fig 5A, only two of the anti-CCP2-positive sera showed
reactivity to the peptide GGGGST-Cit-GRGGGGG (one weakly), indicating that Cit in combi-
nation with surrounding amino acid residues are not sufficient to obtain antibody reactivity.
This was confirmed when analyzing antibody reactivity of the control sera, to this peptide, as
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Fig 3. Reactivity of anti-CCP2-positive sera (n = 20) and healthy donor sera (n = 10) to alanine-
substituted resin-bound peptides analysed by modified ELISA. The pro-filaggrin peptide CHQEST-Cit-
GRSRGRCwas used as template for generation of alanine-substituted peptides and as control peptide. A)
Reactivity of anti-CCP2-positive sera (n = 20) to single alanine-substituted peptides. Amino acid letters
represent the amino acid within the pro-filaggrin peptide that was substituted with alanine, starting from the N-
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no significant antibody reactivity compared to the control was found. Moreover, when com-
paring antibody reactivity to the pro-filaggrin derived peptide GGGGGG-Cit-GRSRGRS, sig-
nificant antibody reactivity was obtained (p = 0.0005), as approximately 70% of the anti-
CCP2-positive sera recognised the peptide, confirming that the C-terminal end of the pro-filag-
grin peptide is important for antibody reactivity. As seen, the C-terminal end of the pro-filag-
grin peptide is rich in Arg residues, suggesting that Arg is important for antibody reactivity.
These findings were confirmed when examining antibody reactivity to the multiple Arg-substi-
tuted peptide (no 8), as significant antibody reactivity (p = 0.0064) was found by approximately
80% of the anti-CCP2-positive sera compared to the control group, as seen in Fig 5B. However,
when comparing antibody reactivity to the single Arg-substituted peptides (no 9–14), no spe-
cific Arg in the examined positions were found to be essential for antibody reactivity. The
remaining multiple substituted peptides (Ala, Trp, Pro, Ser, Asp) were not significantly recog-
nised by the anti-CCP2-positive sera compared to the control. However, occasionally, signifi-
cantly antibody reactivity was found to the single-substituted glycine peptides. E.g peptides
containing Trp in position 5, 9, and 13 were found to be significantly recognised compared to
the control group (p = 0.0483, p = 0.0230, p = 0.0476, respectively). Moreover, significant anti-
body reactivity was found to peptides containing Ser, Ala and Trp in position 9 (p = 0.0099,
p = 0.0114, p = 0.0230, respectively), which indicates that this position is essential in relation to
antibody reactivity. In addition, none of the peptides containing Pro or Asp were significantly
recognised by the anti-CCP2-positive sera, indicating that these amino acids were disfavored.

terminal. Significant antibody reactivity was obtained to peptides where Cit, Gly and Arg was replaced with
Ala (p<0.05). B) Reactivity of anti-CCP2-positive sera (n = 20) to double alanine-substituted peptides. Alanine
(A) represents the amino acid positions that were substituted with alanine respective to the citrulline residue.
C) Reactivity of healthy donor sera (n = 10) to single alanine-substituted peptides.

doi:10.1371/journal.pone.0144707.g003

Fig 4. Reactivity of anti-CCP2-positive sera (n = 46) and healthy donor sera (n = 32) to citrulline-substituted resin-bound glycine peptides analysed
by modified ELISA. The peptide GGGGGG-Cit-GGGGGGG was used as template (Cit), while the peptide GGGGGGGGGGGGGGwas used as control. This
peptide was chosen as template, as it contains as many amino acids as the profilaggrin peptide and contains citrulline in a central position. Significant anti-
CCP2 reactivity was found to the citrullinated peptide compared to the glycine control (p = 0.0006).

doi:10.1371/journal.pone.0144707.g004
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Discussion
In this study, the dependency of the peptide backbone for ACPA reactivity was examined. Ini-
tial findings, describing ACPA reactivity to fibrinogen, confirmed that these antibodies indeed
are cross-reactive, which is in accordance to previous studies [6,23,25]. Moreover, antibody
reactivity to citrullinated fibrinogen, pro-filaggrin and alanine-substituted peptides (Figs 1–3),
confirmed that the central Cit-Gly motif is important for ACPA reactivity. This dependency of
the Cit-Gly motif in the pro-filaggrin peptide has been supported by studies examining the
cross-reactivity of a fibrinogen antibody to this pro-filaggrin peptide, where addition of ran-
dom amino acids to the Gly position significantly reduced antibody reactivity [25]. Moreover,
the findings of a partial Cit-Gly-x-x-Arg dependency (Fig 3) are in accordance to studies by
Uysal et al [13], describing the dependency of Cit and Arg side-chains in the interaction
between a monoclonal antibody directed against a citrullinated collagen epitope. The findings
of a C-terminal dependency of Arg/positively charged residue and the C-terminal end in gen-
eral was confirmed when analyzing antibody reactivity to the GGGGGG-Cit-GRSRGRS pep-
tide, as approximately 70% of the anti-CCP2-positive sera showed significant reactivity to this
peptide (Fig 5). Moreover, analysis of antibody reactivity to the multiple Arg-substituted gly-
cine peptide partly confirmed these findings as well (Fig 5), although no specific position con-
taining Arg was found to be favored, when analyzing antibody reactivity to single Arg-
substituted glycine peptides. This may be explained by peptide flexibility, as the single Arg-
substituted glycine peptides most likely are very flexible in their structures and do not fold up

Fig 5. Reactivity of anti-CCP2-positive sera (n = 10) and healthy donor sera (n = 10) to random-substituted resin-bound glycine peptides analysed
by modified ELISA. The peptide GGGGGG-Cit-GGGGGGG was used as template. A) Reactivity of anti-CCP2-positive sera (n = 10) to glycine peptides. B)
Reactivity of healthy donor sera (n = 10) to glycine peptides. Significant anti-CCP2 reactivity was obtained to peptides GGGGGG-Cit-GRSRGRS (p = 0.0005),
RGRGRG-Cit-GRGRGRG (p = 0.0064), GGGGWG-Cit-GGGGGGG (p = 0.0483), GGGGGG-Cit-GWGGGGG (p = 0.0230), GGGGGG-Cit-GGGGGWG (p = 0.0476),
GGGGGG-Cit-GAGGGGG (p = 0.0114) and GGGGGG-Cit-GSGGGGG (p = 0.0099).

doi:10.1371/journal.pone.0144707.g005
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in a stable structure due to the presence of 13 glycine residues. However, the exact reason
remains to be determined.

Reactivity to alanine-substituted pro-filaggrin peptides (Fig 3) suggested that the peptide
backbone is important for antibody reactivity as well, as the majority of the amino acids could
be substituted without reducing antibody reactivity. The dependency of the Cit-Gly motif in
combination with peptide backbone for antibody reactivity was partly confirmed when analyz-
ing antibody reactivity to citrulline-substituted glycine peptides (Fig 4), although not that pro-
nounced, as not all antibodies showed reactivity to the citrulline-substituted glycine peptide.
Nevertheless, screening of the GGGGST-Cit-GRGGGGG peptide revealed that the Cit-Gly
motif alone is not sufficient to obtain antibody reactivity, as no significant antibody reactivity
was found to the peptide compared to the control sera. Moreover, screening of multiple and
single-substituted glycine peptides (Fig 5) revealed that hardly any of the substituted peptides
were recognised by all of the anti-CCP2-positive sera, except from the peptide containing mul-
tiple Arg residues, the GGGGGG-Cit-GRSRGRS peptide and a few single-substituted glycine
peptides. These findings do not support that the Cit-Gly motif in combination with a random
peptide backbone are sufficient for antibody. However, significant antibody reactivity to the
citrullinated fibrinogen peptides without any sequence homology was found (Fig 1), hence it is
speculated that an amino acid sequence, which brings the peptide into a properly folded struc-
ture for antibody recognition is sufficient for antibody reactivity, e.g. the 14-mer pro-filaggrin
peptide, the GGGGGG-Cit-GRSRGRS peptide and the multiple Arg-substituted peptides,
which most likely have a less random structure, compared to the remaining glycine-substituted
peptides. Conversely, the multiple substituted peptides containing Pro and Trp may become
too locked in their structures due to the size and structure of their side-chains and hence fail to
fold up into a structure that favors presentation of the peptide and the Cit residue for the anti-
CCP2-positive sera. The remaining peptides rich in glycine residues do not have a stable struc-
ture, as they have no bulky side-chains to confer some stability and minimize rotation in the
peptide structure. Hence, these peptides most likely fail to fold up into a stable structure, due to
this increased flexibility in their peptide structure and fail to present the citrullinated peptide in
a way that favors antibody recognition. Nevertheless, three peptides containing amino acid
substitutions in position 9, corresponding to Ala, Ser and Trp, were found to be significantly
recognised compared to the control sera. It is possible that addition of these amino acids in this
position yields some kind of peptide stability within the area surrounding the citrulline residue
and hence the citrullinated peptide is recognised by the anti-CCP2-positive sera. However, the
exact reason remains to be determined. Moreover, single Trp-substituted glycine peptides con-
taining Trp in position 5, 9 and 13 were found to be significantly recognised by the anti-
CCP2-positive sera compared to the healthy control group. Again these findings may be
explained by that the relatively large and rather non-flexible side-chain may confer some stabil-
ity to the peptide and reduce its flexibility, thereby optimizing correct presentation of the
citrullinated peptide for antibody recognition.

These findings suggest that the structure of the peptide backbone is essential for antibody
reactivity, in fact the structure of the peptide epitope seems to be equally essential for antibody
reactivity as the mere presence of the Cit-Gly motif, as seen in this study.

Collectively, these studies indicate that the Cit-Gly motif of the pro-filaggrin peptide is
important for antibody reactivity most likely together with a peptide structure, which optimizes
proper peptide folding and hence generates a stable interaction between the peptide and the
antibody. Moreover, the present results confirm that these antibodies are cross-reactive,
although the cross-reactivity seems to be structurally dependent.

This study contributes to the understanding of CCP antibodies. Originally it was assumed
that these antibodies mainly depended on the presence of Cit residues for antibody reactivity
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[6]. However, the present findings support the current hypothesis that structural homology
rather than sequence homology are favored between citrullinated epitopes.

Supporting Information
S1 Table. Reactivity of anti-CCP2-positive sera (n = 15) to citrullinated resin-bound fibrin-
ogen peptides analysed by modified ELISA. Noncitrullinated peptides to each citrullinated
peptide were used as controls. Peptides marked by �, indicate peptides significantly recognised
by anti-CCP2-positive sera. Absorbance-colour scale: purple: 0–0.4, blue: 0.4–0.7, dark green:
0.7–1.0, light green: 1.0–1.5, yellow: 1.5–2, orange: 2–3, red: over 3.
(DOCX)

Author Contributions
Conceived and designed the experiments: NHT PRH GH. Performed the experiments: NHT
CED DTO. Analyzed the data: NHT CED PRH GH. Contributed reagents/materials/analysis
tools: GH. Wrote the paper: NHT PRH GH. Materials, reagents: GH.

References
1. McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N. Engl. J. Med. 2011; 365: 2205–

2219. doi: 10.1056/NEJMra1004965 PMID: 22150039

2. Pedersen JK, Kjaer NK, Svendsen AJ, Horslev-Petersen K. Incidence of rheumatoid arthritis from 1995
to 2001: impact of ascertainment frommultiple sources. Rheumatol. Int. 2009; 29: 411–415. doi: 10.
1007/s00296-008-0713-6

3. Sangha O. Epidemiology of rheumatic diseases. Rheumatology. (Oxford) 2000: 39 Suppl 2: 3–12.

4. van Boekel MA, Vossenaar ER, van Den Hoogen FH, van Venrooij WJ. Autoantibody systems in rheuma-
toid arthritis: specificity, sensitivity and diagnostic value. Arthritis Res. 2002; 4: 87–93. PMID: 11879544

5. van Venrooij WJ, Hazes JM, Visser H. Anticitrullinated protein/peptide antibody and its role in the diag-
nosis and prognosis of early rheumatoid arthritis. Neth. J. Med. 2002; 60: 383–388. PMID: 12607587

6. Schellekens G A, 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 autoantibod-
ies. J. Clin. Invest 1998; 101: 273–281. PMID: 9421490

7. Schellekens G A, Visser H, de Jong BA, van Den Hoogen FH, Hazes JM, Breedveld FC, et al. The diag-
nostic properties of rheumatoid arthritis antibodies recognizing a cyclic citrullinated peptide. Arthritis
Rheum. 2000; 43: 155–163. PMID: 10643712

8. Ronnelid J, Wick MC, Lampa J, Lindblad S, Nordmark B, Klareskog L, et al. Longitudinal analysis of
citrullinated protein/peptide antibodies (anti-CP) during 5 year follow up in early rheumatoid arthritis:
anti-CP status predicts worse disease activity and greater radiological progression. Ann. Rheum. Dis.
2005; 64: 1744–1749. PMID: 15843452

9. Nielen MM, van Schaardenburg D, Reesink HW, van de Stadt RJ, van der Horst-Bruinsma IE, de Kon-
ing MH, et al. Specific autoantibodies precede the symptoms of rheumatoid arthritis: a study of serial
measurements in blood donors. Arthritis Rheum. 2004; 50: 380–386. PMID: 14872479

10. van Gaalen FA, Linn-Rasker SP, van Venrooij WJ, de Jong BA, Breedveld FC, Verweij CL, et al. Auto-
antibodies to cyclic citrullinated peptides predict progression to rheumatoid arthritis in patients with
undifferentiated arthritis: a prospective cohort study. Arthritis Rheum. 2004; 50: 709–715. PMID:
15022309

11. Kuhn KA, Kulik L, Tomooka B, Braschler KJ, ArendWP, RobinsonWH, et al. Antibodies against citrulli-
nated proteins enhance tissue injury in experimental autoimmune arthritis. J. Clin. Invest 2006; 116:
961–973. PMID: 16585962

12. Trouw LA, Haisma EM, Levarht EW, van der Woude D, Ioan-Facsinay A, Daha MR, et al. Anti-cyclic
citrullinated peptide antibodies from rheumatoid arthritis patients activate complement via both the clas-
sical and alternative pathways. Arthritis Rheum. 2009; 60: 1923–1931. doi: 10.1002/art.24622 PMID:
19565507

13. Uysal H, Bockermann R, Nandakumar KS, Sehnert B, Bajtner E, Engstrom A, et al. Structure and path-
ogenicity of antibodies specific for citrullinated collagen type II in experimental arthritis. J. Exp. Med.
2009; 206: 449–462. PMID: 19204106

Peptide Backbone and Antibody Reactivity

PLOS ONE | DOI:10.1371/journal.pone.0144707 December 10, 2015 11 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144707.s001
http://dx.doi.org/10.1056/NEJMra1004965
http://www.ncbi.nlm.nih.gov/pubmed/22150039
http://dx.doi.org/10.1007/s00296-008-0713-6
http://dx.doi.org/10.1007/s00296-008-0713-6
http://www.ncbi.nlm.nih.gov/pubmed/11879544
http://www.ncbi.nlm.nih.gov/pubmed/12607587
http://www.ncbi.nlm.nih.gov/pubmed/9421490
http://www.ncbi.nlm.nih.gov/pubmed/10643712
http://www.ncbi.nlm.nih.gov/pubmed/15843452
http://www.ncbi.nlm.nih.gov/pubmed/14872479
http://www.ncbi.nlm.nih.gov/pubmed/15022309
http://www.ncbi.nlm.nih.gov/pubmed/16585962
http://dx.doi.org/10.1002/art.24622
http://www.ncbi.nlm.nih.gov/pubmed/19565507
http://www.ncbi.nlm.nih.gov/pubmed/19204106


14. Uysal H, Nandakumar KS, Kessel C, Haag S, Carlsen S, Burkhardt H, et al. Antibodies to citrullinated
proteins: molecular interactions and arthritogenicity. Immunol. Rev. 2010; 233: 9–33. doi: 10.1111/j.
0105-2896.2009.00853.x PMID: 20192990

15. Coenen D, Verschueren P, Westhovens R, Bossuyt X. Technical and diagnostic performance of 6
assays for the measurement of citrullinated protein/peptide antibodies in the diagnosis of rheumatoid
arthritis. Clin. Chem. 2007; 53: 498–504. PMID: 17259232

16. Burkhardt H, Sehnert B, Bockermann R, Engstrom A, Kalden JR, Holmdahl R. Humoral immune
response to citrullinated collagen type II determinants in early rheumatoid arthritis. Eur. J. Immunol.
2005; 35: 1643–1652. PMID: 15832289

17. Kinloch A, Tatzer V, Wait R, Peston D, Lundberg K, Donatien P, et al. Identification of citrullinated
alpha-enolase as a candidate autoantigen in rheumatoid arthritis. Arthritis Res.Ther. 2005; 7: R1421–
R1429. PMID: 16277695

18. Lundberg K, Kinloch A, Fisher BA, Wegner N, Wait R, Charles P, et al. Antibodies to citrullinated alpha-
enolase peptide 1 are specific for rheumatoid arthritis and cross-react with bacterial enolase. Arthritis
Rheum. 2008; 58: 3009–3019. doi: 10.1002/art.23936 PMID: 18821669

19. Takizawa Y, Suzuki A, Sawada T, Ohsaka M, Inoue T, Yamada R, et al. Citrullinated fibrinogen
detected as a soluble citrullinated autoantigen in rheumatoid arthritis synovial fluids. Ann. Rheum. Dis.
2006; 65: 1013–1020. PMID: 16449316

20. Vossenaar ER., Despres N, Lapointe E, van der Heijden A, Lora M, Senshu T, et al. Rheumatoid arthri-
tis specific anti-Sa antibodies target citrullinated vimentin. Arthritis Res. Ther. 2004; 6: R142–R150.
PMID: 15059278

21. Perez ML, Gomara MJ, Ercilla G, Sanmarti R, Haro I. Antibodies to citrullinated human fibrinogen syn-
thetic peptides in diagnosing rheumatoid arthritis. J. Med. Chem. 2007; 50: 3573–3584. PMID:
17585853

22. Union A, Meheus L, Humbel RL, Conrad K, Steiner G, Moereels H, et al. Identification of citrullinated
rheumatoid arthritis-specific epitopes in natural filaggrin relevant for antifilaggrin autoantibody detection
by line immunoassay. Arthritis Rheum. 2002; 46: 1185–1195. PMID: 12115222

23. Ioan-Facsinay A, el-Bannoudi H, Scherer HU, van der Woude D, Menard HA, Lora M, et al. Anti-cyclic
citrullinated peptide antibodies are a collection of anti-citrullinated protein antibodies and contain over-
lapping and non-overlapping reactivities. Ann. Rheum. Dis. 2011; 70: 188–193. doi: 10.1136/ard.2010.
131102 PMID: 20736390

24. Sebbag M, Moinard N, Auger I, Clavel C, Arnaud J, Nogueira L, et al. Epitopes of human fibrin recog-
nized by the rheumatoid arthritis-specific autoantibodies to citrullinated proteins. Eur. J. Immunol. 2006;
36: 2250–2263. PMID: 16838278

25. Trier NH, Leth ML, Hansen PR, Houen G. Cross-reactivity of a human IgG(1) anticitrullinated fibrinogen
monoclonal antibody to a citrullinated profilaggrin peptide. Protein Sci. 2012; 21: 1929–1941. doi: 10.
1002/pro.2178 PMID: 23076998

26. Willemze A, Bohringer S, Knevel R, Levarht EW, Stoeken-Rijsbergen G, Houwing-Duistermaat JJ,
et al. The ACPA recognition profile and subgrouping of ACPA-positive RA patients. Ann. Rheum.
Dis.2012; 71: 268–274. doi: 10.1136/annrheumdis-2011-200421 PMID: 21998120

27. Ioan-Facsinay A, Willemze A, Robinson DB, Peschken CA, Markland J, van der Woude D, et al.
Marked differences in fine specificity and isotype usage of the anti-citrullinated protein antibody in
health and disease. Arthritis Rheum.2008; 58: 3000–3008. doi: 10.1002/art.23763 PMID: 18821680

28. van der Woude D, Rantapaa-Dahlqvist S, Ioan-Facsinay A, Onnekink C, Schwarte CM, Verpoort KN,
et al. Epitope spreading of the anti-citrullinated protein antibody response occurs before disease onset
and is associated with the disease course of early arthritis. Ann. Rheum. Dis. 2010; 69: 1554–1561.
doi: 10.1136/ard.2009.124537 PMID: 20448290

29. Willemze A, Trouw LA, Toes RE, Huizinga TW. The influence of ACPA status and characteristics on
the course of RA. Nat. Rev. Rheumatol. 2012; 8: 144–152. doi: 10.1038/nrrheum.2011.204 PMID:
22293763

30. Girbal-Neuhauser E, Durieux JJ, Arnaud M, Dalbon P, Sebbag M, Vincent C, et al. The epitopes tar-
geted by the rheumatoid arthritis-associated antifilaggrin autoantibodies are posttranslationally gener-
ated on various sites of (pro)filaggrin by deimination of arginine residues. J. Immunol. 1999; 162: 585–
594. PMID: 9886436

Peptide Backbone and Antibody Reactivity

PLOS ONE | DOI:10.1371/journal.pone.0144707 December 10, 2015 12 / 12

http://dx.doi.org/10.1111/j.0105-2896.2009.00853.x
http://dx.doi.org/10.1111/j.0105-2896.2009.00853.x
http://www.ncbi.nlm.nih.gov/pubmed/20192990
http://www.ncbi.nlm.nih.gov/pubmed/17259232
http://www.ncbi.nlm.nih.gov/pubmed/15832289
http://www.ncbi.nlm.nih.gov/pubmed/16277695
http://dx.doi.org/10.1002/art.23936
http://www.ncbi.nlm.nih.gov/pubmed/18821669
http://www.ncbi.nlm.nih.gov/pubmed/16449316
http://www.ncbi.nlm.nih.gov/pubmed/15059278
http://www.ncbi.nlm.nih.gov/pubmed/17585853
http://www.ncbi.nlm.nih.gov/pubmed/12115222
http://dx.doi.org/10.1136/ard.2010.131102
http://dx.doi.org/10.1136/ard.2010.131102
http://www.ncbi.nlm.nih.gov/pubmed/20736390
http://www.ncbi.nlm.nih.gov/pubmed/16838278
http://dx.doi.org/10.1002/pro.2178
http://dx.doi.org/10.1002/pro.2178
http://www.ncbi.nlm.nih.gov/pubmed/23076998
http://dx.doi.org/10.1136/annrheumdis-2011-200421
http://www.ncbi.nlm.nih.gov/pubmed/21998120
http://dx.doi.org/10.1002/art.23763
http://www.ncbi.nlm.nih.gov/pubmed/18821680
http://dx.doi.org/10.1136/ard.2009.124537
http://www.ncbi.nlm.nih.gov/pubmed/20448290
http://dx.doi.org/10.1038/nrrheum.2011.204
http://www.ncbi.nlm.nih.gov/pubmed/22293763
http://www.ncbi.nlm.nih.gov/pubmed/9886436

