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Abstract: In the early detection of rheumatoid arthritis (RA)
synthetic filaggrin peptides serve as antigens for rheumatoid-
specific autoantibodies (anti-citrullinated peptide antibody,
ACPA) in ELISA tests. In this work we present a peptide that
exhibits the binding epitope of ACPA in the form of a stable
folding b-hairpin. The homogeneity of the peptide folding was
confirmed by NMR spectroscopy and might lead to the first
proposed structure of the antibody-bound conformation of the
epitope.

Citrullinated peptides are used in the diagnosis of rheuma-
toid arthritis (RA), because they bind selectively a group of
autoantibodies (anti-citrullinated peptide antibody, ACPA)
formed in the early stage of RA. Van Venrooij et al. showed
that the section 303–324 of the human filaggrin sequence is
suitable for antibody detection, wherein the noncanonical
amino acid citrulline was found to be essential.[1,2] One result
of their work was a cyclic disulfide derivative of this peptide
sequence, which exhibits an improved binding to ACPA and is
used in the commercially available CCP ELISA test for early
diagnosis of RA.[3] This peptide, cfc1-cyc 1, is shown in
Figure 1. The specificity of this assay is 89–98%, while the
sensitivity is reported in different studies to be between 41%
and 87 % for an established RA.[3–6] Meanwhile two further
generations of the CCP ELISA tests have been developed
with different citrullinated peptides as targets, which increase
the sensitivity of the tests.[7–9] It is evident that the essential
hapten for the binding of the antibody is the urea group
present in citrulline, because mutants with the isosteric amino
acid arginine are not detected.[1,2, 10] Since cfc1-cyc 1 does not
have a preferred conformation, the geometry of the binding
epitope is still speculative (vide infra). If the disulfide
macrocyclization already leads to an improved binding of
the antibody, additional structural restriction of the epitope
and the impact on selectivity and affinity has to be inves-
tigated.

Peptide ligands are recognized as b-turns by proteins, and
this type of binding is expected for antibody-binding peptides,
too.[11–13] Obviously, the epitope of an antibody-binding

peptide should be presented in a b-turn within a conforma-
tional stable b-hairpin. There are different well-known
strategies to direct peptides into conformationally homoge-
neous structures. d amino acids are used to stabilize a b-
turn.[14] The concept of linking the structure and biological
activity of peptides was already shown by Kessler et al. with
integrin-binding RGD pentapeptides.[15,16] A d-Pro-l-Pro
motif was used as a turn mimetic to give biologically active
peptides a defined conformation.[17] Numerous dipeptide
mimetics are known for b-hairpins, forming a b-turn and
inducing or stabilizing the hairpin fold, such as Hot = Tap,
which even can mediate a protein–protein interaction.[18]

In this work we describe the transfer of stabilizing
interactions in a model hairpin structural motif to a biologi-
cally active filaggrin sequence. The conformationally uniform
b-hairpin Bhp HV (2) published by Cochran et al. was used as
a model hairpin peptide. This 10-mer cyclic hairpin peptide 2
is characterized by the large signal dispersion of the chemical
shifts in the 1H NMR spectrum, hydrogen bonds, and distinct
side-chain rotamers.[19] In contrast, the 1H NMR spectrum of
the filaggrin peptide 1 shows fast conformational averaging
characterized by the low dispersion of chemical shifts and
averaged coupling constants. The sequence similarity
between these two peptides is noticeable since the stabilizing
structural motif of model peptide 2 consisting of six amino
acids is integrated in the filaggrin peptide 1 by only three
mutations. The preferred binding motif of ACPA could be

Figure 1. Concept for the synthesis of chimeric filaggrin peptides by
combination of the antibody-binding epitope in cfc1-cyc 1 with the
stabilizing properties of the cyclic b-hairpin 2. The chimeric filaggrin
peptide 3 is obtained by mutation of only three amino acids in cfc1-cyc
1.
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elucidated by determining the binding affinity of these
conformationally homogeneous peptides. This work focuses
on modified filaggrin peptides, which are suitable for the
investigation of antibody–peptide interactions.

In the b-hairpin peptide 2 developed by Cochran
(sequence in Figure 1), hydrophobic interactions exist
between the side chains of His2 and Trp3 and the side chains
of Leu8 and Val9 on the opposite side. The stabilizing effect of
the Trp3-Leu8 pair to the b-hairpin structure of 2 has already
been shown in substitution studies.[20] In addition, the
interaction between Val9 and the disulfide bridge causes
local stabilization of the peptide backbone twist.[19] These
three hydrophobic or aromatic amino acids of the N- and C-
terminus are followed by Glu4 and Lys7 on the opposite side.
Glu7 and Arg14 of 1 are in a similar relative arrangement
(Figure 1). The hydrophobic cluster is completed by the three
mutations Gln6!Trp, Gly15!Leu, and Arg16!Val, thus
transfering the stabilizing effects of the hairpin 2 to the
filaggrin sequence.

The structural characterization of the chimeric filaggrin
peptides was performed with cyclic peptides, which were
shortened by the unstructured amino acids outside of the
macrocyclic ring. The cyclic 14-mer CHWESTXGRSRLVC
(4, X = citrulline) was dissolved in aqueous phosphate buffer
(50 mm, pH 7.0) to allow a native fold. The large signal
dispersion in the 1H NMR spectrum is the most evident
difference between the folded peptide 4 and the nonstruc-
tured 1. The methyl groups at about 1 ppm are strongly
shielded by the aromatic amino acids and shifted upfield to
about �0.3 ppm. The amide NH signals double the range of
chemical shifts to approximately 1.5 ppm (Figure 2). This
effect is only observed after the oxidation to the disulfide
because the disulfide bond is essential for the folding.

To determine whether the structure is stabilized by one of
these three mutations, or by the combination of the three
amino acids Trp, Leu, and Val, the peptides 5, 6, and 7
(Table 1) were synthesized, each with a single back mutation.
Together, the dispersion of the amide protons and the
shielding of LeudMe show that each of the three has
a significant influence on the folding. The back mutation of
Val16 to Arg in peptide 5 has the least influence on the peptide
conformation, while the absence of Leu15 in peptide 7 results
in a small dispersion in the 1H NMR spectrum (Table 1,
Figure 2). The back mutation of Trp6 to Gln in peptide 6,
however, allows residual folding. In conclusion, the peptide

conformation is based mainly on the disulfide bridge and
hydrophobic interaction between Trp6 and Leu15.

The bI’/bII’-flip of the b-turn in the rigid hairpin of 4 leads
to exchange broadening of the amide protons of Gly11 and
Cit10. With either the amino acids Ala (peptide 9) or d-Ala
(peptide 10) at the position of Gly11, one b-turn structure is
energetically favored, wherein d-Ala forms a bII’-turn.[18]

While the d-Ala peptide has the same dispersion in the
1H NMR spectrum as 4, the mutation to Ala at this position
leads to a significantly lower dispersion. In contrast to the d-
Ala mutant, the amide proton signal of Gly at the i + 2
position is strongly broadened in peptide 4. It is assumed that
no consistent turn structure is formed in peptide 4, but rather
a rapid conformational change between bI’ and bI’-turn takes
place.

Signal dispersion alone, however, does not suffice for
conformational analysis. The progression of hydrogen bonds
is characteristic for a b-hairpin. They are formed between
every second opposing pair of amino acids, causing an
alternating sequence of internally and externally oriented
amide protons within the peptide sequence. As a consequence,
different temperature dependences are observed for the
amide proton chemical shifts in the 1H NMR (Figure 3). The
amide protons of hydrogen-bonded amino acids show a small
temperature gradient (3.3 to 9.0 ppbK�1), whereas the signals
of the non-hydrogen-bonded amino acids have a large
temperature gradient (9.2 to 14.6 ppb K�1, Figure 3). This
alternating series of small and large temperature dependences
is a general characteristic of b-hairpin structures.

Detailed geometric parameters of the b-hairpin structure
of 4 were obtained from the NOE contacts in the NOESY
spectrum (600 MHz, 280 K, mixing time 100 ms). NOE
contacts are observed between the side-chain protons across

Figure 2. 1H NMR spectra of peptides 4–8 (600 MHz, 280 K, phos-
phate buffer (50 mm, pH 7)/D2O 9:1). The upfield and downfield areas
of the spectra display the decrease of the signal dispersion on going
from 4 to 8. The stability of the hairpins (each marked in gray) was
defined by the signal dispersion in the amide range and the upfield
shift of the LeudMe. Peptide 4 shows the largest dispersion, while no
preferred conformation is observed for 7 and 8. The complete spectra
are shown in the Supporting Information.

Table 1: Correlation of the amount of peptide folding with signal
dispersion in the 1H NMR.

Peptide[a] d(LeudMe) [ppm][b] Dd(NH) [ppm][c]

CHWESTXGRSRLVC (4) �0.28 1.60
CHWESTXGRSRLRC (5) 0.02 1.24
CHQESTXGRSRLVC (6) 0.79 1.15
CHWESTXGRSRGVC (7) –[e] 0.67
CHQESTXGRSRGRC (8)[d] –[e] 0.70

[a] Sequences of cyclic disulfide peptides. Bold-face font denotes
mutations relative to 4. X =citrulline. [b] Chemical shift d of the upfield-
shifted Leu methyl group. [c] Dispersion of the chemical shift d in the
amide range. [d] Native filaggrin sequence. [e] No Leu in this sequence.
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the two strands of the b-hairpin. There are only contacts
within the hydrogen-bonded or nonbonded amino acids,
which can be found in a b-sheet structure on the same side of
the peptide backbone. This is schematically represented by
a zigzag structure in which the hydrogen-bonded amino acids
are located above the backbone while the nonbonded amino
acids are below the backbone (Figure 4).

The large number of characteristic NOE contacts between
the N-terminal amino acids Cys, His, and Trp as well as the C-
terminal amino acids Cys, Val, and Leu is noticeable. The
stabilization of a cyclic b-hairpin structure by a Val/His pair
adjacent to a disulfide has been described for CX8C pep-
tides.[19] In addition, hydrophobic interactions can take place
between Val and His, as well as between Leu and Trp and
cause a further stabilization of the structure. These six amino
acids work like a clamp to rigidify the structure, directing the
residual peptide chain into the b-turn geometry, even though
this chain is longer than that in 2.

In addition to the NOE contacts the identification of the
dominating side-chain rotamer is an independent, geometri-
cally meaningful parameter. This was done by the prochiral
assignment of b-methylene groups. The side-chain rotamers
of the individual amino acid residues were quantified as

further conformational information (Table 2). For this, the 3J
couplings between a and b protons were assigned from the 1H
and 2D NMR spectra and the distances between the a or
amide proton and the b protons were determined from the

NOESY spectrum. The side-chain conformations were
assigned based on the assumption that only three energeti-
cally favorable rotamers contribute to the conformational
equilibrium (c1 =�608, 1808, 608). The conformation of His5

with the sterically unfavorable c1 angle of + 608 is remarkable
but characteristic of the Cochran motif. The imidazole ring is
oriented toward the isopropyl group of Val16, indicating the
stabilizing interaction between the two side chains. Even the
conformation about the c2 angle of His5 was determined,
because from the d2 proton of the imidazole ring only NOE
contacts are visible with the side chain of Glu7 and from the e1
proton with Val16. Along the same rationale, the indole ring of
the Trp6 and the Leu15 side chain were aligned along one
another.

A structural model was created and a molecular dynamics
simulation with HyperChem[22] was performed based on the
NMR spectroscopic data. The energy-minimized structure is
shown in Figure 5.

The obtained spectroscopic data of the shortened filaggrin
peptide 4 is consistent with those of 3 within the macrocycle,
while a low dispersion is visible for the N- and C-terminal
amino acids. This suggests that the disulfide macrocycle 4–17
of 3 forms a well-defined b-hairpin, too, while the N-terminal
amino acids 1–3 and the C-terminal 15–22 show no preferred
conformation. The chemical shifts of the amino acids identical
with 2—Cys4, His5, Trp6 and Leu15, Val16, Cys17—and the side-
chain rotamers correspond to the data published by Cochran.
Therefore the conformation of the CX8C hairpin 2 is found in
the CX12C hairpin 3 and the folding of the model peptide is
transferable to larger macrocycles.

Next, we determined whether the filaggrin peptide 3 has
biological activity in spite of the mutations necessary for the
stable folding. A dot blot assay was developed to analyze the

Figure 3. Illustration of the b-hairpin peptide 4, wherein the temper-
ature dependence of the chemical shift of the amide proton in
1H NMR spectrum (600 MHz, 280–310 K, phosphate buffer (50 mm,
pH 7)/D2O 9:1) is given (in ppbK�1). The amide protons of the
hydrogen-bonded amino acids have a lower temperature dependence
in the 1H NMR spectrum.[21] The highest (14.6 ppbK�1) and the lowest
(3.3 ppbK�1) values are observed for the amino acids in the turn. See
the text for further details.

Figure 4. Schematic illustration of the structurally relevant NOE con-
tacts in 4 (from NOESY spectrum, 600 MHz, 280 K, phosphate buffer
(50 mm, pH 7)/D2O 9:1). The zigzag representation of the b-hairpin
shows which amino acid residues face each other within the hairpin
structure. All hydrogen-bonded amino acids are above the peptide
backbone. NOE contacts between the hairpin strands are only visible
when both amino acids are above or below the peptide backbone. For
example, Leu15 exhibits NOE contacts with almost all through-space
neighbors below the hairpins. Most NOE contacts are observed within
the Cochran hairpin motif.

Table 2: Diastereotopic assignment of the b protons and determination
of the predominant rotamer around the c1 angles for the amino acids in
the b-hairpin 4.

Amino acid[a] bHh[b] bHt[c] c1

Cys4 proS proR �608
His5 proR proS +608
Trp6 proR proS �608
Glu7 proR proS �608
Thr9 �608
Cit10 proS proR 1808
Arg12 proR proS �608
Leu15 proS proR �608
Val16 1808
Cys17 proR proS �608

[a] Order of the amino acids corresponding to the sequence in 4. For
Ser8, Ser13, and Arg14 no determination could be carried out, since higher
order spin systems are present. [b] b-Proton of the amino acid with the
upfield chemical shift d. [c] b-Proton of the amino acid with the downfield
chemical shift d.
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antibody recognition. The chimeric filaggrin peptide 3 and
cfc1-cyc 1 were coated on a nitrocellulose membrane and
incubated with biotin conjugated ACPA (a-CCP, polyclonal,
rabbit). The antibody binding was detected with HRP-
conjugated streptavidin (Table 3). It was found that the
mutant peptide 3 has a comparable affinity to 1. Accordingly,
the b-hairpin conformation of 3 has no negative influence on
the binding affinity. This finding confirms the hypothesis that
citrullinated peptides form a b-turn-like loop structure when
bound to ACPA.

The dot blots of the peptides are shown in the Supporting
Information. Remarkable are the results of the d-Ala11

mutant of 3 (11) and of the d-Ala11 mutant of 1 (12). As
previously described, peptide 11 showed b-hairpin folding
while 12 formed no preferred conformation. Both peptides
showed a lower binding to ACPA than 1 and 3, regardless of
their structure. This suggests that not only the urea group of
citrulline is essential for antibody recognition, but that the
two amino acids Cit-Gly are bound by the antibody as the
terminal loop of a b-hairpin. Apparently, the local stabiliza-
tion of the turn structure with a d-amino acid leads to
a decrease of the binding affinity. The induced bII’-turn has an

unfavorable rigid geometry for the antibody binding while the
Cit-Gly turn can assume the optimal conformation for
binding by a fast equilibrium between bI’ and IIb’.

A preselection of peptides was made from the dot blots.
Selected peptides were subsequently tested against human
ACPA in an ELISA for quantification of their antibody
binding. Peptides were covalently linked to 96-well plates and
incubated with APCA (a-CCP, polyclonal, human). Antibody
binding was detected with HRP-conjugated anti human IgG
antibody (Figure 6). Peptides 1 and 3 show a comparable
binding to the human antibody, whereas the d-Ala11 mutant
of 1 (12) and the Orn10 mutant of 3 (13) are hardly detected by
ACPA. The different recognition of the d-Ala11 mutant of 3
(11) by the different antibodies may be explained by the local
stabilization of the b-turn. This will be shown by experiments
with further peptides.

Conformational analysis by NMR spectroscopy and the
study of biological activity demonstrated that it is possible to
create chimeric peptides that combine the properties of two
very different peptides. The structural motif of a cyclic b-
hairpin peptide was integrated in the filaggrin sequence 1 by
the mutation of three amino acids without adversely affecting
its binding affinity. The transfer of stabilizing interactions
from one peptide to another with different sequence and
length provides important information about the folding
properties of disulfide-bridged cyclic peptides. Apparently
the motif CHWXnLVC (n = 4, 6, 8) leads to hairpin con-
formation. It was shown that Val has a minor influence on
folding, whereas Leu at this position is essential for the
formation of the b-hairpin structure. Therefore, the stabilizing
effects identified by Cochran for peptide 2 apply not only to
the CX8C peptides, but are transferable to larger peptides, as
shown for the CX12C motif in this work. The folding motif
identified in the model peptide 2 can be integrated into
a biologically active sequence. The measured data support the
hypothesis that the filaggrin peptide 1 assumes a b-hairpin-
type structure in the antibody binding pocket of ACPA, since
the predetermined structure of 3 does not result in reduced
binding affinity. Further structural constrictions will be

Figure 5. Two views of the structure model of the twisted b-hairpin
structure of 4 based on NOE contacts between the peptide backbone
and side-chain protons. The hydrogen bonds between the peptide
backbone are represented by dashed lines. Val16/His5 and Leu15/Trp6

side chains are oriented toward each other. The citrulline side chain in
the turn is twisted away from the peptide backbone and stands out
from the whole peptide.

Table 3: Binding of filaggrin peptides to ACPA in the dot blot assay. The
ornithine peptide 13 was used as a negative control.

Peptide[a] Binding to ACPA[b]

KHQCHQESTXGRSRGRCGRSGS (1) +++
KHQCHWESTXGRSRLVCGRSGS (3) +++
KHQCHWESTXaRSRLVCGRSGS (11) �
KHQCHQESTXaRSRGRCGRSGS (12) +
KHQCHWESTOGRSRLVCGRSGS (13) �
KHQCHWESTXGRSRLICGRSGS (14) ++

KHQCHQESTXGKSKGKCGRSGS (15) +
KHQAHCESTXGRSRCRAGRSGS (16) ++

[a] Sequence of cyclic disulfide peptides. X =citrulline. [b] The number of
plusses describes the intensity of the dot blot signal.

Figure 6. ELISA with ACPA (human). The relative absorption at
450 nm from three independent experiments is normalized to back-
ground absorbance. No significant difference could be detected
between the absorption of the peptides 1 and 3, while both are
significantly higher than the negative control 13 (Student’s t test:
P>0.05 (n.s. (not significant)), P<0.05 (*) or P<0.01 (**)).
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integrated in future generations of peptides to obtain more
information about the solution structure and in the antibody-
bound conformation. Preliminary experiments to obtain
structured peptides without disulfides were unsuccessful as
evident from the low signal dispersion.

The investigations of folded chimeric filaggrin peptides
can provide important information about the nature of the
peptide–antibody binding. In addition, it should be possible to
filter polyclonal autoantibodies from mixtures of varying
binding selectivities. This will assist the development of new
specific ELISA test systems for a better early diagnosis of
RA.

Experimental Section
Peptides were synthesized on a peptide synthesizer with Fmoc
strategy under standard conditions (3 equiv Fmoc amino acid, HBTU,
HOBt, 8 equiv DIPEA, 2 � 1 h). For disulfide oxidation, peptides
were dissolved in NH4HCO3 buffer (10 mm, pH 7.4) and stirred in an
open flask. Dot Blots were made on a nitrocellulose membrane.
Peptides were applied to the membrane in different concentrations;
free binding positions were blocked with Roti-Block. After incubat-
ing with biotin-conjugated ACPA (a-CCP, rabbit, 2 mgmL�1 in Roti-
Block) for 1 h and with HRP-conjugated streptavidin (1 mgmL�1 in
Roti-Block) for 1 h, antibody binding was detected with ECL
substrate on a photographic film. ELISAs were made in 96-well
plates (DNA-Bind Surface, Corning). Peptides were dissolved in
NaHCO3 buffer (50 mm, pH 9.6) and 0.5 mg/well was added. Plates
were blocked overnight with 2% BSA in NaHCO3 buffer and
incubated with ACPA (a-CCP, human, in PBS-T) for 1 h. After
incubating the plates with HRP-conjugated anti human IgG
(0.3 mgmL�1 in PBS-T) for 30 min TMB solution and 5% H2SO4

were added and the color reaction detected at 450 nm.
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