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a b s t r a c t

Rheumatoid arthritis (RA) is a common human leukocyte antigen-associated disease. Most RA patients
have a five-residue sequence motif called the shared epitope (SE) in the DRb-chain of the HLA-DRB1
protein. The SE was found to activate nitric oxide (NO) production, suggesting a possible mechanism
for RA development. The native conformation of the SE is presumed to be an a-helix, thus using cyclic
peptides to stabilize this conformation may produce a potent SE mimetic which will have drug-like prop-
erties. We present the development of a backbone cyclic SE mimetic that activates NO production in the
low nM range. Circular dichroism analysis revealed a conformational change from for the parent linear
peptides to the cyclic analogs. The most active cyclic analog is completely stable towards trypsin/chymo-
trypsin degradation while the linear 15-mer analogs completely degraded within 30 min. The outcome of
this study is a potent cyclic peptide with drug-like properties that can be used as a template for drug
development.

� 2011 Elsevier Ltd. All rights reserved.
Protein–protein interactions (PPIs)1 control many functions
within the living cells, such as cell cycle, signal transduction and
metabolism.2,3 a-helical interactions are abundant in PPIs and par-
ticipate in key processes in many diseases,4 making these interac-
tions targets for drug development. Helix mimetic molecules may
have an antagonistic effect if the binding of the two proteins is essen-
tial for activity, such as in dimerization, or an agonistic effect if only
the helix interaction itself is essential to induce the proper conforma-
tional change required for activity in the targeted protein.2 The main
objective in developing helix-mimetic drugs is to generate a mole-
cule that will specifically promote or inhibit interactions between
a-helical regions and will have the appropriate pharmacological
properties, such as metabolic stability, selectivity, and oral bioavail-
ability. Walenski et al., developed a hydrocarbon-stapled peptide
that mimicked the a-helical structure of the BH3 domain of Bcl-2.
This helix mimetic activated Bcl-2 mediated apoptosis pathways in
leukemia cells in vivo.5 Moellering et al., targeted the NOTCH tran-
scription factor complex and inhibited its assembly using a-helical
stapled peptides derived from the MAML1 protein. Inhibition of
NOTCH assembly induced apoptosis in T-ALL cells in vivo.6

Rheumatoid arthritis (RA) is one of the most common inflam-
matory diseases affecting both articular and extra articular tissues.
Most RA patients have HLA-DRB1 alleles encoding a five-residue
ll rights reserved.
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sequence motif that is commonly referred to as the shared epitope
(SE), in residues 70–74 of the DRb-chain.7 Immunogenetic analyses
showed that residues 70, 71, and 74 are vital, while the identity of
residues 72 and 73 is not significant. Thus, the (Arg/Gln)-(Arg/Lys)-
X-X-Ala consensus motif was proposed as essential and sufficient
to confer RA susceptibility.8 Further analyses showed that the
identity of residue 70 is crucial for both protection against and sus-
ceptibility to RA. While Arg or Gln in position 70 are associated
with increased RA susceptibility, Asp in that position confers
protection against the disease.9–11 The native SE conformation in
the DRb-chain was predicted to be a-helical.12–14 However, the
mechanism by which the SE affects disease susceptibility is un-
known. Recently, a connection between the SE and the activation
of nitric oxide (NO) signaling was found, suggesting a model for
SE-related RA susceptibility.15–18 These studies indicated that the
SE acts as a signaling ligand that binds and activates an aberrant
NO-dependent signaling cascade through-cell surface calreticulin.
The importance of the a-helical conformation to the potency of
the SE was also observed,19 implying that stabilization of the
a-helix conformation in short synthetic peptides bearing the SE
motif can be beneficial to the development of potent SE-triggered
signaling agonists and antagonists.

Short linear peptides lack important pharmacological properties
needed to become drug-lead molecules, including metabolic stabil-
ity, selectivity and bioavailability. They are usually in fast equilib-
rium among many conformations in solution with no single
restricted conformation. Peptidomimetics are designed to retain
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the biological activity of their parent linear peptides, while confer-
ring desirable pharmacological properties.20–23 Cyclization is a com-
mon strategy to confer drug-like properties upon peptides. The
backbone cyclization methodology24 prepares cyclic peptides with-
out utilizing the functional groups of the side chain residues. This
feature is extremely important when all the functional groups in a
peptide sequence are essential for biological activity.25–27 Helical
structure in short peptide sequences is induced by a covalent bond
for ring closure, which mimics the native hydrogen bond that stabi-
lizes the helix. There is a wide variety of synthetic methods for cre-
ating these peptides, for example, stapled peptides,5,28 as well as a
diversity of biological targets.29,30

A SE mimetic agonist that activates NO production in the low
nM range was developed. Three backbone cyclic peptide analogs
containing the SE consensus motif were designed to induce a stable
active conformation. The different potencies of the three analogs,
which differ only in ring size, demonstrated the importance of con-
formational screening. Circular dichroism (CD) spectra revealed a
slight conformational change from the parent linear peptides to
the cyclic analogs. The most potent cyclic analog, c(HS4-4), is also
completely stable towards enzymatic degradation while the linear
peptides were degraded by trypsin/chymotrypsin within 30 min.

Helix mimetic cyclic analogs usually have bridges at positions i,
i + 4 or i, i + 7.5,6 The consensus SE motif Gln-Lys-X-X-Ala was
incorporated into an i, i + 4 backbone cyclic scaffold.31 A Trp resi-
due was added to the amino terminus to aid in determining the
concentrations of the cyclic analogs using UV spectroscopy.32 The
synthesis and general structure of the backbone cyclic peptides
are described in Scheme 1.

The characterization of the cyclic peptides is summarized in
Table 1.

The conformational changes induced by cyclization and the
variety of ring sizes were studied by CD of the cyclic peptides
and two positive control 15-mers (65–79⁄0401, H-Lys-Asp-
Leu-Leu-Glu-Gln-Lys-Arg-Ala-Ala-Val-Asp-Thr-Tyr-Cys-NH2, and
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Scheme 1. Synthesis of c(HSn-4) compounds. Reagents and conditions: (a) 20% piperid
DIPEA; (f) TFA, TIPS, TDW.
65–79⁄0404, H-Lys-Asp-Leu-Leu-Glu-Gln-Arg-Arg-Ala-Ala-Val-
Asp-Thr-Tyr-Cys-NH2).34 As predicted, the two linear 15-mer
peptides had no defined structure and the CD spectra resembled
a random coil (Fig. 1a). CD spectra of the three cyclic analogs
suggested a slight conformational change, as compared to the
linear 15-mer peptides, however, no decisive conclusions could
be drawn (Fig. 1b). Although the bioactive pharmacophors of
the peptide are assumed to acquire the needed helix conforma-
tion upon binding to their binding site, the restricted conforma-
tion of the short cyclic peptides compared with those of the
longer linear ones may enhance activity.

The ability of the cyclic analogs to activate NO production in
fibroblasts was examined.35 The 15-mer peptides 65–79⁄0401
(H-Lys-Asp-Leu-Leu-Glu-Gln-Lys-Arg-Ala-Ala-Val-Asp-Thr-Tyr-Cys-
NH2) and 65–79⁄0402 (H-Lys-Asp-Ile-Leu-Glu-Asp-Glu-Arg-Ala-
Ala-Val-Asp-Thr-Tyr-Cys-NH2) were used as positive and negative
controls, respectively. The optimal concentration for the positive
control, 65–79⁄0401, was previously determined to be 50 lM.17–19

Figure 2 shows that the three cyclic analogs activated NO production
significantly above the negative control levels. Furthermore, c(HS6-
4) maintained the elevated NO production levels at concentrations
five times lower than the positive control. The most potent analog
by far was c(HS4-4), which maintained high NO production levels
even in concentrations 50,000 times lower than 65–79⁄0401, and
activated NO production even in the low nM concentrations.

These results demonstrate the importance of subtle changes in
the conformation of the bioactive SE pharmacophors. The cyclic NO
production activators are of paramount value to the ongoing ef-
forts to resolve the mechanism by which the SE affects RA suscep-
tibility and may also be used as lead scaffolds for developing
potent SE-triggered signaling antagonists.

To assess the stability of the most potent cyclic analog, c(HS4-4),
towards enzymatic degradation as compared to the linear 15-mers,
65–79⁄0401 and 65–79⁄0404, a trypsin/chymotrypsin stability as-
say was conducted.36 HPLC analysis was used to determine the
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Table 1
Characterization of the BC peptides

Peptide name n Bridge size Ring size Calcd MH+ Observed MH+ (HRMS) Purity HPLC (%) TR HPLCa (min)

c(HS2-4) 2 9 22 941.5428 941.5446 >95 18.65
c(HS4-4) 4 11 24 969.5741 969.5744 >95 18.68
c(HS6-4) 6 13 26 997.6054 997.6062 >95 18.83

a HPLC conditions.33

Figure 1. CD spectra of the cyclic and 15-mer linear peptides. (a) Random coil CD spectra were observed for the two linear 15-mer peptides; (b) A slightly different CD spectra
were observed for the three cyclic analogs, as compared to the linear 15-mer peptides, suggesting a conformational change.
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Figure 2. Dose–response experiments of NO production rate induced by cyclic
analogs. Human M1 fibroblasts were incubated with different concentrations of the
listed cyclic peptides, or with 50 lM of positive (65–79⁄0401) or negative
(65–79⁄0402) control peptides. NO production rates were determined using the
fluorescent probe 4,5-diaminofluorescein diacetate (DAF-2DA).17–19 The results
represent mean ± SEM from four replicate experiments.
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Figure 3. Comparison of the degradation rates of c(HS4-4), 65–79⁄0401 and
65–79⁄0404 towards trypsin and chymotrypsin enzymatic cleavage.
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percent of degradation (Fig. 3), whereas MS analysis was used to
identify the specific cleavage sites (Table 2). The cyclic analog,
c(HS4-4) was completely stable towards trypsin/chymotrypsin
degradation even after 4 h of incubation with the proteases
whereas the linear analogs, 65–79⁄0401 and 65–79⁄0404 were de-
graded completely after 30 min (Fig. 3).

The specific cleavage sites were determined using MS analysis
to extract further information about the degradation of the pep-
tides. Several cleavage sites were identified from the analyzed
fragments of the linear 15-mer peptides, 65–79⁄0401 and 65–
79⁄0404, containing the SE motif (residues 70–74) (Table 2). These
cleavage sites were between Tyr78 and Cys79 (chymotrypsin),
Arg72 and Ala73 (trypsin), and Arg71/Lys71 and Arg72 (trypsin).
As two of the identified cleavage sites (after residue 71 and 72)
are found within the SE segment and are conserved in the cyclic
analog, we can conclude that the 15-mer peptides are good con-
trols for comparison. Regarding the cyclic peptide, c(HS4-4), in
accordance with the HPLC results, no fragments were observed
in the MS analysis, suggesting that the restricted conformation in-
duced by cyclization was not recognized by trypsin and chymo-
trypsin. The fact that cleavage was not observed at either of the
cleavage sites within the conserved SE segment (after residues
71 and 72) in the cyclic analog strengthens the postulation that
the use of backbone cyclization may confer enzymatic stability
to peptides.

A SE mimetic agonist was designed. Three backbone cyclic
peptide analogs, with varying ring sizes, were synthesized and
evaluated as NO production activators. The different potencies
of the three analogs demonstrate the importance of conforma-
tional screening in drug design. Although the CD spectra of the
cyclic analogs were similar and did not form a regular secondary
structure, it is safe to assume that conformational complementar-
ity occurs upon binding to the binding site. Thus, the cyclic ana-
log that enables the active pharmacophors to assume the correct
binding conformation will be the most potent one. Stability stud-
ies revealed that the most potent backbone cyclic analog has
superior properties compared to the linear 15-mer analogs. The
enhanced potency along with the significant improved stability
towards enzymatic degradation marks this peptide as a potential
scaffold for the development of promising lead molecules for RA
therapy.



Table 2
Fragmentation of c(HS4-4), 65–79⁄0401 and 65–79⁄0404 after degradation by trypsin/chymotrypsina

Name Deduced sequence of fragment Observed MH+

c(HS4-4)

NH2AlaN CH2COArg

(CH2)4

NH

LysGlnN CH2COTrp

(CH2)4

HN

H

C

O

969.53

65–79⁄0401 K-D-L-L-E-Q-K-R-A-A-V-D-T-Y-C 1752.98
Fragment 1 K-D-L-L-E-Q-K-R-A-A-V-D-T-Y 1649.93
Fragment 2 C ##
Fragment 3 K-D-L-L-E-Q-K-R 1029.64
Fragment 4 A-A-V-D-T-Y 638.51
Fragment 5 K-D-L-L-E-Q-K 872.53
Fragment 6 R-A-A-V-D-T-Y 795.43
65–79⁄0404 K-D-L-L-E-Q-R-R-A-A-V-D-T-Y-C 1778.84
Fragment 1 K-D-L-L-E-Q-R-R-A-A-V-D-T-Y 1676.84
Fragment 2 C ##
Fragment 3 K-D-L-L-E-Q-R-R 1057.23
Fragment 4 A-A-V-D-T-Y 638.59
Fragment 5 K-D-L-L-E-Q-R 901.71
Fragment 6 R-A-A-V-D-T-Y 795.40

a Fragments were identified by MS ## complementary fragment
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