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Abstract: Rheumatoid arthritis (RA) is the most common autoimmune rheumatic disease. It is

characterized by persistent joint inflammation, resulting in loss of joint function, morbidity and

premature mortality. The presence of antibodies against citrullinated proteins is a characteristic
feature of RA and up to 70% of RA patients are anticitrullinated protein antibody (ACPA) positive.

ACPA responses have been widely studied and are suggested to be heterogeneous, favoring

antibody cross-reactivity to citrullinated proteins. In this study, we examined factors that may
influence cross-reactivity between a commercial human anticitrullinated fibrinogen monoclonal

antibody and a citrullinated peptide. Using a citrullinated profilaggrin sequence (HQCHQEST-

Cit-GRSRGRCGRSGS) as template, cyclic and linear truncated peptide versions were tested for
reactivity to the monoclonal antibody. Factors such as structure, peptide length and flanking amino

acids were found to have a notable impact on antibody cross-reactivity. The results achieved

contribute to the understanding of the interactions between citrullinated peptides and ACPA, which
may aid in the development of improved diagnostics of ACPA.
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Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune

disease of unknown etiology, which is characterized

by joint destruction and chronic disability. RA is the

most prevalent chronic inflammatory arthritis affect-

ing 1–2% of adults worldwide, with an incidence of

20–50 per 100,000 persons per year.1 Cohort studies

suggest that the prevalence peaks at 65–74 years.2

Besides persistent synovitis and systemic inflam-

mation, autoantibodies are a classical feature of RA.3

Antibodies to citrullinated proteins are among the

most specific described in RA and are believed to play

a role in the pathogenesis of the disease.4–8 These

antibodies were originally identified by Schellekens

et al.,9 who described specific antibody reactivity to a

profilaggrin peptide containing the modified amino

acid citrulline. The post-translational generation of

citrulline, referred to as citrullination or deimination,

is a modification of the side chain of arginine, where

the guanidino group is replaced by an ureido group.
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Thus, citrullination leads to neutralization of the posi-

tively charged arginine, which alters the properties of

proteins, including overall charge and isoelectric

point, as well as the ionic and hydrogen bond forming

abilities of the proteins.4,10

Antibodies specific for citrullinated proteins rec-

ognize a variety of citrullinated autoantigens, includ-

ing a-enolase, fibrinogen, type II collagen, and vimen-

tin, and are collectively identified as anticitrullinated

peptide/protein antibodies (ACPA).11–15 These ACPA

responses, primarily characterized by IgG1 and IgG4

subtypes (99 and 98% of ACPA-positive RA patient

sera, respectively), have been found to be present up

to years before disease onset and to be highly specific

(98%) and sensitive (up to 80%) for RA.16–21 Thus,

APCA are used as a supplement to clinical diagnosis

of RA.20 The most frequently used peptide-based im-

munoassay for ACPA detection is based on cyclic cit-

rullinated peptides (CCP). CCP antibodies have been

demonstrated to be sensitive and highly specific for

RA;22 hence, anti-CCP/ACPA have been included as a

new serologic criterion in the 2010 RA classification

criteria.23,24 Besides CCP assays, new peptide-based

diagnostic assays for detection of ACPA have been

generated, such as chimeric peptide assays based on

fibrin and filaggrin sequences and a mutated version

of vimentin using Cit-Gly sequences.25–27 In these

peptide-based immunoassays, cyclic peptide struc-

tures are often preferred, as antigenic recognition

can be significantly improved by restricting peptide

mobility, even though the direct effect of cyclization

seems to be sequence dependent.21,25,28

Several factors have been found to be essential

for ACPA recognition. Especially the length of the an-

tigenic binding region has been found to be essential

for antibody reactivity.9 In addition, amino acids sur-

rounding citrulline have been shown to be essential

for ACPA reactivity, and especially antigen binding

regions containing citrulline residues flanked by neu-

tral and relatively flexible structures, such as glycine

and serine,9,15,25,29,30 often show increased reactivity

compared to peptides containing strongly charged

residues or residues of fixed structure such as pro-

line, as these contribute to a rigid structural confor-

mation. In addition, structural homology of the

amino acid residues surrounding citrulline has been

described to be essential as well.31 These findings

were primarily based on cross-reactivity described

between a fibrinogen peptide and a filaggrin-derived

peptide antibody. Most important, these results indi-

cated that ACPA responses against several citrulli-

nated autoantigens coexist in RA patients,31 which is

in accordance to studies describing that ACPA-

positive RA patient sera recognize a number of citrul-

linated antigen binding regions, indicating cross-

reactive ACPA responses.32 Additional analyses of

ACPA responses to citrullinated proteins have con-

firmed that ACPA indeed are cross-reactive, but

apparently this cross-reactivity is not complete, as

distinct noncross-reactive ACPA responses have been

detected as well.25,33 This cross-reactivity, prevailing

in the majority of ACPA responses, identifying multi-

ple citrullinated targets, complicates the identifica-

tion of the antigen(s) responsible for the initiation of

the ACPA response. Moreover, this is further compli-

cated as studies describing ACPA responses indicate

that these change over time.16,34 This is, according to

Ioan-Facsinay et al.,33 a matter of continuous activa-

tion of naı̈ve B cells, hence introducing new reactiv-

ities in the ACPA response.

In this study, we examined the cross-reactivity of a

human IgG1 monoclonal antibody directed against

citrullinated fibrinogen (Cit mAb) to a citrullinated pro-

filaggrin peptide (HQCHQEST-Cit-GRSRGRCGRSGS),

with special emphasis on peptide structure and amino

acid composition. The profilaggrin peptide was selected

for analysis, as this peptide originally was applied for

ACPA diagnostics.21

Results

Analysis of linear and cyclic citrullinated

peptides

To verify the identity of the linear citrullinated pep-

tides (LCPs) and CCPs used in this study, the peptides

were characterized by HPLC and mass spectrometry.

Figure 1 is a representative analysis of the linear

and cyclic peptides using LCPb (CHQEST-

Cit-GRSRGRC) and CCPb as examples. As illustrated

in Figure 1(A,C), LCPb and CCPb were highly

purified (97.6 and 99.6%, respectively), which was

demonstrated by single distinct peaks in the HPLC

chromatograms. When analyzing the peptides by

mass spectrometry [Fig. 1(B,D)] LCPb was identified

with a relative [Mþ2H]2þmolecular mass of 817.8,

yielding a total mass of 1633.6 (calculated 1633.8),

while CCPb yielded a relative [Mþ2H]2þmolecular

mass of 816.8, with a total mass of 1631.6 (calculated:

1631.8). A difference of 2 in the molecular mass was

found when comparing the molecular masses of

CCPb to LCPb, conforming to the presence of a disul-

fide bond in CCPb and the loss of two hydrogen

atoms. Similar results were obtained for the remain-

ing LCPs and CCPs (results not shown). Peptide puri-

ties, calculated and identified masses of the remaining

peptides are listed in Table I. As seen, all the applied

peptides were highly purified, as the majority of the

peptide purities varied between 96 and 100%.

Reactivity of the monoclonal antibody to
citrullinated peptides

To verify the reactivity of the Cit mAb to citrulli-

nated fibrinogen, modified enzyme-linked immuno-

sorbent assay (ELISA) was performed. Selected

peptides of the a- and b-chain containing arg/cit resi-

dues central in the peptides were applied.
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As illustrated in Figure 2(A), antibody reactivity

was found to �50% of the citrullinated resin-bound

peptides, verifying the reactivity of the Cit mAb to

citrullinated fibrinogen.

In addition, the cross-reactivity of the Cit mAb was

examined to a linear (LCPa) and cyclic (CCPa) peptide

(HQCHQEST-Cit-GRSRGRCGRSGS) by ELISA.

As illustrated in Figure 2(B), the Cit mAb only

showed reactivity toward the citrullinated peptides,

indicating that the interaction is specific. No signifi-

cant difference in antibody reactivity was found for

LCPa and CCPa, showing that the Cit mAb recog-

nized LCPa and CCPa to the same extent.

Reactivity of the monoclonal antibody to

truncated cyclic and linear citrullinated peptides

To examine whether peptide length and structure influ-

ence antibody recognition, truncated peptide versions of

LCPa and CCPa were generated (Table I). Antibody

reactivity to the truncated LCPs and CCPs variants

was examined by Luminex immunoassay.

As illustrated in Figure 3, the linear peptides

were significantly better recognized compared to

their cyclic peptide versions (P ¼ 0.025). As seen,

the Cit mAb recognized two cyclic peptides and five

linear peptides, corresponding to CCPa-CCPb and

LCPa-e, respectively. No reactivity to the peptides

CCPc-f and LCPf was observed, even though citrul-

line was present in these peptides, indicating that

other factors besides the mere presence of citrulline

are essential for antibody recognition. When compar-

ing antibody reactivity to the corresponding cyclic

and linear peptide versions, no significant difference

was found (e.g., when comparing reactivity to CCPa

and LCPa, CCPb and LCPb). Profound differences

were found for the remaining peptide versions

(LCPc-LCPe vs. CCPc-CCPe), as neither of the

cyclic peptides were recognized by the Cit mAb,

Figure 1. Quality control of LCPb and CCPb verified by HPLC and mass spectrometry. LCPb was analyzed by HPLC (A) and

mass spectrometry (B). CCPb was examined by HPLC (C) and mass spectrometry (D).
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suggesting that the peptide structure is essential for

antibody reactivity.

When comparing antibody reactivity to the lin-

ear peptides, LCPa-LCPe the reactivity was found

to decrease with decreasing number of amino acids

present in the respective peptide; thus, LCPa and

LCPb showed the highest reactivity, whereas LCPe

showed the lowest antibody reactivity, suggesting

that the peptide length is essential for antibody

reactivity as well.

Importance of peptide structure for monoclonal
antibody recognition

The results above indicated that the peptide struc-

ture influenced antibody reactivity, as the peptides

CCPc-CCPe were not recognized by the Cit mAb.

To determine whether the number of amino acids in

the cyclic structure was essential for antibody reac-

tivity, substitution experiments were conducted.

Using CCPc as template, different amino acids were

added to the terminal ends (position 2 and 13), gen-

erating new CCPb analogs (Table I). Three versions

were generated, one contained alanines in position 2

and 13 ([A2,A13]CCPb), one contained lysines

([K2,K13]CCPb) and in the last version were the

amino acids histidine and arginine in position 2 and

13 exchanged ([R2,H13]CCPb). Antibody reactivity

to the substituted peptides was determined by Lumi-

nex immunoassay.

As illustrated in Figure 4, the CCPb analogs

showed notably increased reactivity compared to CCPc.

No significant difference in antibody reactivity was

observed when comparing CCPb with [R2,H13]CCPb

and [K2,K13]CCPb, illustrating that addition of amino

acids in the terminal ends restores antibody reactivity.

Antibody reactivity to [A2,A13]CCPb was observed as

well; however, it was found to be significantly reduced

compared to the CCPb control (P ¼ 0.0034). These

results show that the number of amino acids in the

cyclic structure directly influence antibody reactivity,

underlining the importance of proper peptide structures

for epitope presentation.

Relevance of single amino acids for antibody
reactivity

To examine the importance of the individual amino

acids for antibody reactivity, alanine scanning was

conducted using LCPb as template, as this was the

shortest peptide yielding maximal antibody

reactivity. Substituting each amino acid in LCPb

with alanine (Table I), the reactivity to the alanine-

substituted peptides was determined by ELISA.

Table I. Cyclic and Linear Peptides Applied for Reactivity Screening to Cit mAb

Peptide Amino acid sequence Peptide purity in % Peptide mass calculated (identified)

LCP/CCPa HQCHQEST-X-GRSRGRCGRSGS 96.2/99.5 2343.5 (2343.0)/2341.5 (2341.2)
LCP/CCPb CHQEST-X-GRSRGRC 97.6/99.6 1633.8 (1633.6)/1631.8 (1631.6)
LCP/CCPc CQEST-X-GRSRGC 100/100 1340.5 (1340.2)/1338.5 (1339.2)
LCP/CCPd CEST-X-GRSRC 99.4/98.9 1155.3 (1155.0)/1153.3 (1153.0)
LCP/CCPe CST-X-GRSC 99.1/94.5 870.0 (870.4)/868.0 (867.4)
LCP/CCPf CST-X-GRC 99.7/98.2 782.9 (783.3)/780.9 (780.5)
LCP/CCPg HQCHQEST-R-GRSRGRCGRSGS 88.7/99.7 2342.5 (2342.5)/2340.5 (2340.0)
[R2,H13]CCPb CRQEST-X-GRSRGHC 99 1631.8 (1631.7)
[K2,K13]CCPb CKQEST-X-GRSRGKC 98 1594.8 (1594.8)
[A2,A13]CCPb CAQEST-X-GRSRGAC 84.5 1480.6 (1480.8)
[A6,A8]LCPb CHQESA-X-ARSRGRC 100 1617.8 (1617.3)
[A5,A9]LCPb CHQEAT-X-GASRGRC 89.9 1532.7 (1532.4)
[A4,A10]LCPb CHQAST-X-GRARGRC 96.3 1559.8 (1559.4)
[A2]LCPb CAQEST-X-GRSRGRC 83.3 1567.7 (1567.8)
[A3]LCPb CHAEST-X-GRSRGRC 99.3 1576.7 (1576.2)
[A4]LCPb CHQAST-X-GRSRGRC 100 1575.8 (1575.3)
[A5]LCPb CHQEAT-X-GRSRGRC 100 1617.8 (1617.3)
[A6]LCPb CHQESA-X-GRSRGRC 100 1603.8 (1603.8)
[A7]LCPb CHQEST-A-GRSRGRC 98.5 1547.7 (1547.4)
[A8]LCPb CHQEST-X-ARSRGRC 86.2 1647.8 (1647.6)
[A9]LCPb CHQEST-X-GASRGRC 96.2 1548.7 (1548.5)
[A10]LCPb CHQEST-X-GRARGRC 100 1617.8 (1617.6)
[A11]LCPb CHQEST-X-GRSAGRC 97.2 1548.7 (1548.3)
[A12]LCPb CHQEST-X-GRSRARC 100 1647.8 (1647.6)
[A13]LCPb CHQEST-X-GRSRGAC 99.3 1548.7 (1548.0)
[G8]LCPb SHQEST-X-GRSRGRS 95.8 1601.7 (1601.7)
[P8]LCPb SHQEST-X-PRSRGRS 100 1641.7 (1641.3)
[E8]LCPb SHQEST-X-ERSRGRS 90 1673.3 (1673.4)
[W8]LCPb SHQEST-X-WRSRGRS 89.3 1730.8 (1730.4)
[H8]LCPb SHQEST-X-HRSRGRS 88.2 1681.7 (1681.5)
[V8]LCPb SHQEST-X-VRSRGRS 100 1643.7 (1643.2)
[S8]LCPb SHQEST-X-SRSRGRS 98.5 1631.7 (1630.8)

‘‘X’’ represents the citrulline residue.
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As illustrated in Figure 5(A), the most signifi-

cant reduction in reactivity was observed when cit-

rulline was replaced by alanine ([A7]LCPb), where

an �100% reduction was found compared to the con-

trol LCPb(P ¼ 0.0001). In addition, a significant

reduction in reactivity of �80% was found when the

Figure 2. Reactivity of Cit mAb to fibrinogen peptides, LCPa and CCPa analyzed by modified ELISA and Luminex

immunoassay, respectively. (A) Reactivity to fibrinogen peptides. Citrullinated peptides are represented by shaded bars, while

remaining arginine containing peptides function as negative controls. (B) Reactivity to LCPa and CCPa. Noncitrullinated

peptides (LCPg and CCPg) were used as negative controls.
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glycine C-terminal to citrulline ([A8]LCPb) was substi-

tuted (P ¼ 0.0001). When testing antibody reactivity

to the substituted peptides [A3]LCPb-[A5]LCPb and

[A9]LCPb-[A10]LCPb, [A12]LCPb a significant reduc-

tion in antibody reactivity of �20–35% was found (P <

0.05), while antibody reactivity to the remaining sub-

stituted peptides, [A2]LCPb, [A6]LCPb, [A11]LCPb,

and [A13]LCPb, not was found to be significant. These

results indicated that citrulline and the Cit-Gly motif

was most important for antibody recognition.

Next, multiple alanine-substituted peptides were

tested for antibody reactivity, as the amino acids in

the first, second, and third flanking positions previ-

ously have been suggested to be of central importance

to antibody reactivity. Three substituted peptides,

([A6,A8]LCPb, [A5,A9]LCPb, and [A4,A10]LCPb)

were generated, where two amino acids (one N-termi-

nally and one C-terminally of citrulline), in the first

three flanking positions were substituted with ala-

nine residues. The multiple alanine-substituted pep-

tides were tested for antibody reactivity by ELISA.

As illustrated in Figure 5(B), antibody reactivity

to [A6,A8]LCPb was significantly reduced by �90%

compared to the control LCPb(P < 0.0001), whereas

antibody reactivity to the remaining two substituted

peptides, [A5,A9]LCPb, [A4,A10]LCPb, was signifi-

cantly reduced by �40% compared to the control

(P < 0.0011). These results indicate that the amino

acids in the two flanking positions [S6,G8] of citrul-

line were found to be most important for antibody

reactivity. In general, when comparing antibody

reactivity levels between the double-substituted pep-

tides, [A6,A8]LCPb, [A5,A9]LCPb, [A4,A10]LCPb,

and single-substituted peptides, [A4]LCPb-

[A10]LCPb, no significant difference in reactivity

levels were observed, indicating that individual

amino acids and not the N- and C-terminal amino

acid combinations found in first, second, and third

flanking positions of citrulline, respectively, are

essential for reactivity. Likewise, the pronounced

low reactivity to [A6,A8]LCPb seems to be due to

the absence of glycine and not necessarily the

absence of serine. These results confirm that the

Cit-Gly motif is important for reactivity.

Screening of substituted peptides to examine

relevance of the glycine residue C-terminal to
citrulline

To examine the dependency of the glycine residue C-

terminally next to citrulline, substituted peptide

analogs of LCPb, containing varying amino acids in

position 8 (Table I), were tested for antibody reactiv-

ity by Luminex immunoassay. Amino acids selected

for substitution were based on size, charge, and

hydrophobicity/hydrophilicity; thus, serine, proline,

Figure 3. Reactivity of Cit mAb to truncated linear and cyclic citrullinated peptides analyzed by Luminex immunoassay. The

citrullinated peptide LCPa/CCPa was used as template. Noncitrullinated peptides LCPg and CCPg were used as negative

controls.

Figure 4. Reactivity of Cit mAb to CCPb analogs analyzed

by Luminex immunoassay. The noncitrullinated peptide

CCPg was used as control.

1934 PROTEINSCIENCE.ORG Interactions Between Citrullinated Peptides and ACPA



glutamic acid, histidine, tryptophan and valine were

selected for substitution analysis.

As illustrated in Figure 6, maximal antibody reac-

tivity was obtained to the control [G8]LCPb. Of the

substituted peptide analogs, only the peptides contain-

ing proline ([P8]LCPb) and tryptophan ([W8]LCPb)

were recognized by the Cit mAb, albeit with a signifi-

cantly reduced antibody reactivity (P < 0.0004) of

�75–80% compared to the control [G8]LCPb. In addi-

tion, substituted peptides containing histidine, glu-

tamic acid, serine, and valine ([H8]LCPb, [E8]LCPb,

[S8]LCPb, and [V8]LCPb) were not recognized by the

Cit mAb, indicating that only a few amino acids are

tolerated in the C-terminal position next to citrulline

and that optimal antibody reactivity is found when

glycine is present in this position.

Reactivity of the monoclonal antibody to
truncated epitope candidates

To identify the cross-reactive region of the LCPb

peptide recognized by the Cit mAb, truncated resin-

bound LCPb variants were generated and tested for

antibody reactivity by modified ELISA. LCPb was

used as template for generation of the truncated

peptide analogs, except for the terminal cysteines,

which had been replaced with serines, as found in

the original sequence.

As illustrated in Figure 7, the Cit mAb did not

show notable reactivity to peptides omitting citrul-

line (C-terminal peptide truncation series G-

GRSRGRS, starting points illustrated by varying

colors). However, as amino acids were added to the

N- and C-terminal ends, antibody reactivity was

found to increase. Reactivity to the N-terminal-trun-

cated peptides (designated as the left side of citrul-

line) was found to increase with increasing number

of amino acids in the peptide; this was especially

profound for truncation series originating from pep-

tide truncation series G-GRSR. Antibody reactivity

to the C-terminal truncated peptides was found to

depend on peptide length as well. This was espe-

cially profound for peptide truncation series (Cit-GR

to Cit-GRSRG), which contained a limited number of

amino acids C-terminal to citrulline, indicating that

especially the amino acids on the C-terminal side of

citrulline were essential for reactivity. However,

antibody reactivity was similar for the C-terminal

truncation series Cit-GRSRGR and Cit-GRSRGRS,

indicating that the cross-reactive region is found

within truncation series -Cit-GRSRGR. The depend-

ency of amino acids C-terminal of citrulline for anti-

body reactivity was especially pronounced when

comparing antibody reactivity of the resin-bound

peptide SHQEST-Cit (Absorbance �1) to the peptide

Cit-GRSRGRS (Absorbance �2.6), indicating that

the reactive region is not located in the center of the

peptide. This is in agreement with that the peptide

Cit-GRSRGRS yielded the highest absorbance (�2.6)

compared to the central peptide QEST-Cit-GRSR

obtaining an absorbance of approximately 2.0. Based

on these results, the cross-reactive region was iden-

tified as the peptide sequence ST-Cit-GRSRGR.

Screening of RA33 peptides to verify Cit-Gly

dependency

To verify that antibody reactivity of the Cit mAb is

in fact dependent on the presence of the Cit-Gly

motif, overlapping citrullinated 20mer peptides

spanning the human RA33 protein, rich in potential

Cit-Gly motifs, were screened for antibody reactivity.

As illustrated in Figure 8, distinct antibody

reactivity was found to no 19, 20, 21, 22, 23, 25 and

26. All of these reactive peptides contained Cit-Gly

motifs. No other amino acid combinations containing

Figure 5. Reactivity of Cit mAb to alanine-substituted

LCPb peptides analyzed by ELISA. LCPb was used as

control. (A) Reactivity to single alanine-substituted peptides.

Letters illustrated indicate amino acids substituted, starting

from the N-terminal end. (B) Reactivity to double alanine-

substituted peptides.
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citrulline was found in these recognized peptides,

confirming that the Cit-Gly motif is of utmost impor-

tance for Cit mAb reactivity. The amino acid N-ter-

minal to citrulline in these peptides was found to

vary, thus, serine, phenylalanine and glycine were

found in this position. However, varying amino acids

in this position did not seem to influence antibody

reactivity. These results support that the Cit mAb

indeed depend on a Cit-Gly motif for distinct anti-

body reactivity. Interestingly, peptide 26, showing

the highest antibody reactivity contained 70% gly-

cine residues, indicating that backbone interactions

are essential for antibody reactivity.

Screening of glycine-substituted peptides to
verify backbone reactivity

Finally, reactivity of the Cit mAb to Cit-Gly contain-

ing peptides was demonstrated by ELISA. Using

resin-bound peptides containing 13 glycine residues,

two substituted peptides were generated containing

either citrulline or homocitrulline residue in the cen-

tral position of the peptides.

As illustrated in Figure 9, significant antibody

reactivity was obtained to the citrulline substituted

peptide compared to the noncitrullinated glycine

control (P ¼ 0.0020). In addition, no notable anti-

body reactivity was obtained to the homocitrulli-

nated peptide compared to the glycine control, indi-

cating that Cit mAb antibody reactivity depends on

Cit-Gly and backbone for reactivity.

Discussion

Results obtained in this study define the cross-reac-

tivity of the human anticitrullinated fibrinogen mAb

to the profilaggrin peptide HQCHQEST-Cit-

GRSRGRCGRSGS and various peptide analogs.

Especially the Cit-Gly motif, peptide length and pep-

tide structure had notable impact on Cit mAb cross-

reactivity.

Preliminary analyses indicated that the mere

presence of citrulline was insufficient to obtain

antibody reactivity, as the Cit mAb did not show

Figure 6. Reactivity of Cit mAb to substituted LCPb

peptides analyzed by Luminex immunoassay. Glycine in

position 8 of the template peptide LCPb was substituted

with proline, serine, tryptophan, valine, serine, and histidine.

LCPb was used as control. Resins without peptides were

used for background determination.

Figure 7. Reactivity of Cit mAb to N- and C-terminally truncated versions of LCPb analyzed by modified ELISA. SHQEST-Cit-

GRSRGRS was used as template. N-Terminal truncations were generated prior to the citrulline residue and forth, being

represented by the x-axis, read from right to left, with blank resin to the right being represented by (�) and the S to the far

left, represented by SHQEST-Cit-. C-Terminal truncations were generated from the C-terminal serine residue and to the

citrulline residue, being represented by the varying dots on the y-axis, ranging from blank resin to -GRSRGRS.
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antibody reactivity to all of the citrulline-containing

peptides applied in this study, confirming that other

factors are essential for reactivity as well.

Besides the presence of citrulline, the peptide

structure was found to influence antibody reactivity.

When comparing antibody reactivity to linear and

cyclic variants (Fig. 3), only two cyclic (CCPa-b) and

five linear (LCPa-e) peptide variants were recog-

nized. One reason why the relatively small CCPs,

CCPc-CCPe, were not recognized by the Cit mAb,

could be that the relatively small cyclic peptides

become locked in their structures, making the pep-

tides less flexible. As a result, the peptides become

sterically hindered in obtaining recognizable peptide

structures. By adding random amino acids to the

cyclic structure and making the peptides less steri-

cally hindered and more flexible, the cyclic peptides

are recognized by the Cit mAb, as illustrated in Fig-

ure 4. As seen, addition of amino acids to the termi-

nal ends of CCPc, generating new CCPb analogs,

notably restored antibody reactivity when compared

to CCPc, illustrating that peptide structure influen-

ces antibody reactivity.

Based on previous studies, CCPs are widely

applied in the diagnosis of RA.21,25,26 However, as

illustrated in this study, the antibody reactivity to

cyclic peptides may vary significantly, indicating

that cyclic structures are not natural antigenic epi-

topes. Thus, all cyclic peptide structures are not nec-

essarily good candidates for diagnostic purposes.

Cyclic peptide versions were originally used, as short

peptides usually do not have a preferential confor-

mation in solution, but can sometimes adopt moder-

ately stabilized secondary structures.35 In addition,

analysis of antibody–peptide complexes has shown

that peptides in epitopes often adopt a b-turn struc-

ture,36 a motif which frequently is encountered

within the filaggrin sequence.37 Thus, cyclization

was conducted in order to force the peptide to adopt

a b-hairpin conformation, as cysteine-bridged cyclic

peptides have been shown to mimic the b-turn struc-

ture of the antigenic epitope, increasing antibody

reactivity.38 Nevertheless, our results could not con-

firm that cyclic structures increased antibody reac-

tivity of the Cit mAb compared to the linear ver-

sions. This knowledge may be of profound

importance for the diagnostic value of human ACPA

levels, as these results indicate that linear peptides

may be equally applicable in ACPA diagnostics.

Figure 8. Rectivity of Cit mAb to overlapping peptides spanning the human RA33 protein analyzed by modified ELISA.

Sequences are listed in Supporting Information. The difference between nonreacting and reacting peptides numbers 19, 20,

23, 22, 25, and 26 is higher than three times the maximal standard deviation. Resins without peptides were used for

background determination.

Figure 9. Reactivity of Cit mAb to citrulline- and

homocitrulline-substituted glycine peptides analyzed by

modified ELISA. The peptide GGGGGGGGGGGGGG was

used as negative control. Resins without peptides were

used for background determination.
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Various results on antibody recognition have been

obtained when using cyclic peptides,21,25,26,28,30 indicat-

ing that the effect of cyclization may be peptide depend-

ent. Thus, we speculate that the effect of constrained

peptides locked in cyclic structures only is favorable in

relation to antibody binding, if the peptides may be

presented in a way that resembles or easily adopt the

conformational features of the antigenic site within the

native protein.

Besides peptide structure and the presence of

citrulline, a minimum peptide length was found to

be necessary for antibody recognition, as neither

LCPf nor CCPf was recognized by the Cit mAb

(Fig. 3). The fact that LCPf was the only linear pep-

tide not to be recognized by the Cit mAb may be due

to structural restraints, as small linear peptides

tend to be less flexible, thereby reducing their abil-

ities for proper antigen presentation. The fact that

peptide length influenced antibody reactivity was

further supported when screening N- and C-terminal

truncated peptides (Fig. 7), as the amino acid

sequence necessary for optimal antibody reactivity of

the Cit mAb, was found to be nine amino acids long

(Fig. 8). However, only the Cit-Gly motif was found

to be essential for antibody reactivity (Fig. 5). As

illustrated in Figures 5 and 6, it was found that sub-

stitution of citrulline and glycine notably reduced

antibody reactivity. These results were confirmed

when screening citrullinated RA33 peptides for reac-

tivity (Fig. 8), as only Cit-Gly-containing peptides

were recognized by the Cit mAb. These findings are

in accordance to several studies illustrating that Cit-

Gly-containing peptides have high sensitivities for

RA diagnostics.9,25,29,30 Nevertheless, the presence of

Cit-Gly alone was not sufficient to obtain reactivity,

as no antibody reactivity to the isolated Cit-Gly pep-

tide was found (Fig. 7), indicating that the Cit-Gly

motif in combination with proper peptide structure

and backbone interactions is essential for antibody

reactivity. These findings were confirmed in Figure

9, as the Cit mAb showed distinct reactivity to the

GGGGGG-Cit-GGGGGG peptide. Moreover, no reac-

tivity was obtained to the homocitrullinated glycine

peptide. Homocitrulline highly resembles citrulline,

as homocitrulline is one methylene group longer, but

similar in nature.39 These findings are in accordance

to the literature, describing that antibodies to homo-

citrulline are noncross-reactive.40

To our knowledge, this study is the first to illus-

trate cross-reactivity of the Cit mAb to a glycine back-

bone containing a single citrulline, confirming that

this mAb (and probably related antibodies) indeed is

cross-reactive. Hence, these findings will be used for

comparison in future studies of RA patient sera as

results achieved are in accordance to earlier studies9,29

describing ACPA reactivity to LCPa/CCPa, indicating

that our results may relate to ACPA responses of RA

patient sera. This assumption is further supported as

the CCPa originally was applied in the diagnostic of

ACPA and current results were obtained applying a

human monoclonal antibody, which originally was iso-

lated from a human RA patient.

In recent years, cross-reactivity in ACPA

responses has received much attention, which

markedly has increased the knowledge in this

field.25,26,30,32,33 The fact that considerable cross-reac-

tivity between ACPA recognizing different antigens

within a single patient exists, notably complicates

identification of ‘‘true’’ antigenic structures and the

involvement of citrullinated antigens in the patho-

physiology of RA, as extensive characterization of

ACPA responses to a single antigen might be a proxy

for recognition of other citrullinated antigens. Despite

the pronounced cross-reactivity prevailing in these

ACPA responses, our results and current knowledge

indicate that only limited side chain-specific reactivity

in combination with backbone interactions is neces-

sary to obtain reactivity with these antibodies. Thus,

based on high cross-reactivity, results achieved in this

study indicate that any sequence containing Cit-Gly in

a properly folded peptide structure in theory could be

an antigen-binding region, complicating the identifica-

tion of citrullinated autoantigens in RA. Accordingly,

one would expect that the number of proposed autoan-

tigens in RA will increase, which is consistent with the

literature, describing recently identified citrullinated

autoantigens in RA.41 To confirm that cross-reactive

ACPA responses are prevailing, a definite proof for the

origin of the heterogeneous ACPA responses and iden-

tification of the ‘‘true’’ autoantigen may be to conduct a

careful analysis of the ACPA producing B cells.

In relation to identification of citrullinated pep-

tides, the results achieved indicate that linear citrul-

linated peptides indeed are applicable for diagnostic

purposes. Even though the currently applied CCP2

ELISA detection kit is based on cyclic peptide ver-

sions, our studies with a monoclonal antibody do not

confirm that increased reactivity is obtained when

using cyclic peptides. This is further supported by

the fact that not all assays designed for detection of

ACPA are based on cyclic peptides.20 In regard to

presentation of the cross-reactive region within the

peptide structures, the influence of antigen presen-

tation should be elucidated, to improve the useful-

ness of peptide-based diagnostics.

In conclusion, these studies may provide useful

information on the nature of the antibody-peptide

interactions but most important on the antigenic

determinants responsible for the specific occurrence

of ACPA in RA sera.

Materials and Methods

Materials
2-Chloro-trityl-resins were from Novabiochem

(Darmstadt, Germany). Tentagel S RAM resin was
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from RAPP Polymere (Tubingen, Germany).

1-Hydroxy-7-aza-benzotriazole (HOAt) was from GL

Biochem (Shanghai). N,N0-Diisopropylcarbodiimide

(DIC), piperidine (PIP), 9-fluorenylmethoxycarbonyl

(Fmoc)-protected amino acids, and N-methyl-2-pyrro-

lidone (NMP) were from Iris Biotech (Marktredwitz,

Germany). Trifluoroacetic acid (TFA), thioanisole

(THIO), alkaline phosphatase (AP)-conjugated anti-

human IgG, para-nitrophenylphosphate (pNPP), 2-

(N-morpholino)-ethanesulfonic acid, bovine serum

albumin (BSA) and ether were from Sigma Aldrich

(Steinheim, Germany). Triisopropylsilane (TIS) was

from Fluka (Buchs, Switzerland). a-Cyano-p-hydrox-

ycinnamic acid and peptide calibration were from

Bruker Daltonik (Bremen, Germany). Tween 20 and

NaN3 were from Merck (Hohenbrunn, Germany).

Tris-Tween-NaCl (TTN) buffer (0.05M Tris, 0.3M

NaCl, 1% Tween 20), carbonate buffer (15 mM

Na2CO3, 35 mM NaHCO3, 0.001% phenol red, pH

9.6), AP substrate buffer (1M diethanolamine, 0.5

mM MgCl2, pH 9.8) and phosphate-buffered saline

(PBS) (10 mM Na2HPO4, 0.15M NaCl, pH 7.3) were

from Statens Serum Institut (Hillerød, Denmark).

Human IgG1 citrullinated fibrinogen mAb was from

Modiquest (Nijmegen, The Netherlands, cat. no.

MQR 2.101-100, clone 1F11). ‘‘Phycoerythrin’’-conju-

gated anti-human IgG was from Abcam (Cambridge,

UK). Microspheres were from Luminex (Austin, TE).

Peptides a–g (Table I), the remaining cyclic peptides

[R2,H13]CCPb, [K2,K13]CCPb, [A2,A13]CCPb (Table

I), resin-bound fibrinogen peptides and RA33 over-

lapping 20mer peptides (Uniprot KB ID: P22626)

were from Sch€afer-N (Lyngby, Denmark) (Supporting

Information). Cyclization of peptides was conducted

by air oxidation after peptide cleavage.

Peptide synthesis

Free peptides were synthesized in individual

syringes using Fmoc-based SPPS on 2-chloro-trityl-

resins as previously described.42 Briefly, Fmoc-pro-

tected amino acids were coupled in threefold excess

to the peptide chain using DIC and HOAt. Fmoc

deprotection was accomplished by treatment with

20% PIP in NMP for 10 min. The peptides were

cleaved from the solid support along with the side

chain-protecting groups using TFA:H2O:TIS:THIO

(90:5:2.5:2.5) for 2 h at RT. The integrity of the syn-

thetic peptides was examined by HPLC and mass

spectrometry.

Using the sequence SHQEST-Cit-GRSRGRS as

template, N- and C-terminally truncated resin-bound

peptide series were synthesized essentially as previ-

ously described.34 The peptides were synthesized on

Tentagel NH2 resin using a twofold excess of amino

acids, DIC, and HOAt. After coupling of the under-

lined glycine residue, 20 mg resin was removed after

each coupling cycle, generating 63 peptides in total.

An exception was the first N-terminal truncated

peptide series, which did not contain the underlined

glycine residue, thus with citrulline being the first

amino acid coupled to the resin. Side chain-protecting

groups were removed as described previously.

High-performance liquid chromatography

Analytical HPLC was performed using a Waters

C18-reversed-phase column (Symmetry_ C18 5 lM,

4.6 � 250 mm) (Waters, Milford, MA) on a Waters

600E system equipped with EMPOWER (Millenium,

Waters, Milford, MA) software. Preparative HPLC

was performed using a Vydac C18-reversed-phase

column (10–15 lM, 25 � 250 mm) (VYDAC, Hespe-

ria, CA).

Matrix-assisted laser desorption/ionization

time-of-flight mass spectrometry
Matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry was performed on a Bruker

Flex (Bruker Daltonik, Bremen, Germany), using a-

cyano-p-hydroxycinnamic acid as matrix and peptide

standard calibration.

Peptide enzyme-linked immunosorbent assay

Peptides (10 lg/mL) were coated onto the surface of

the wells of Maxisorp microtiter plates diluted in

carbonate buffer for 2 h at RT. All incubations with

antibodies diluted in TTN buffer (1 lg/mL) were car-

ried out for 1 h at RT and followed by three washes

in TTN buffer. Cit mAb and AP-conjugated anti-

human IgG were used as primary and secondary

antibodies, respectively. Finally, bound antibodies

were quantified using pNPP (1 mg/mL) in AP sub-

strate buffer. The absorbance was measured at 405

nm, with background subtraction at 650 nm, on a

Thermomax microtiter plate reader (Molecular Devi-

ces, Menlo Park, CA).

Luminex immunoassay

Briefly, 1.3 � 10�8 mol peptide was coupled to 6.25

� 105 preactivated carboxylated microspheres in 2-

(N-morpholino)-ethanesulfonic acid (50 mM, pH 5.0)

by rotation for 2 h at RT. 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. Antigen–

antibody interaction was measured by incubating

�5000 beads with Cit mAb (1.0 lg/mL) for 1 h at

RT. After washing with assay buffer (PBS, 1% BSA,

pH 7.4), a phycoerythrin-conjugated anti-human IgG

was added and incubated for 1 h at RT. Finally, �75

beads of each sample were acquired on a Bioplex

reader (Biosource, Camarillo, CA), and antibody-

antigen interaction was determined.

Screening of resin-bound peptides using

modified enzyme-linked immunosorbent assay
Resin-bound peptides were added to a 96-well multi-

screen filter plate (Millipore, Copenhagen, Denmark)
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and rinsed with TTN buffer. All incubations with

antibodies (1 lg/mL) diluted in TTN were carried

out for 1 h at RT followed by three washes in TTN

buffer. The resin was washed with TTN buffer using

a multiscreen vacuum manifold (Millipore, Copenha-

gen, Denmark).

Human Cit mAb and AP-conjugated anti-human

IgG were used as primary and secondary antibodies,

respectively. Bound antibodies were quantified using

pNPP (1 mg/mL) diluted in AP substrate buffer.

Finally, the buffer was transferred to a Maxisorp

microtiter plate, and the absorbance was measured

as described previously.

Statistical analysis
Statistical calculations were performed with

repeated measurements (n ¼ 2). The values obtained

in this study were compared further by using the

one-tailed Student’s t-test for unpaired data, except

from Figure 3, where some of the calculations were

conducted using paired data.
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