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Osteoprotegerin (OPG) is a soluble decoy receptor
that inhibits osteoclastogenesis and is closely associated with bone resorption processes. We have designed
and determined the solution structures of potent OPG
analogue peptides, derived from sequences of the cysteine-rich domain of OPG. The inhibitory effects of
the peptides on osteoclastogenesis are dose-dependent
(10−6M−10−4M), and the activity of the linear peptide
at 10−4M is ten-fold higher than that of the cyclic OPG
peptide. Both linear and cyclic peptides have a β-turnlike conformation and the cyclic peptide has a rigid
conformation, suggesting that structural flexibility is
an important factor for receptor binding. Based on
structural and biochemical information about RANKL
and the OPG peptides, we suggest that complex formation between the peptide and RANKL is mediated by
both hydrophobic and hydrogen bonding interactions.
These results provide structural insights that should
aid in the design of peptidyl-mimetic inhibitors for
treating metabolic bone diseases caused by abnormal
osteoclast recruitment.
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Introduction
Osteoprotegerin (OPG) is a soluble decoy receptor member of the tumor necrosis factor receptor family (TNFR),
which regulates receptor activator of nuclear factor-κB
ligand (RANKL) and RANK mediated bone resorption
(Simonet et al., 1997). The OPG gene encodes a protein
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of 401 amino acid residues that contains four cysteinerich domains and death domain-homologous (DDH) regions (Fig. 1A) (Yamaguchi et al., 1998). The DDH regions share structural features with the death domains of
TNF receptors that mediate apoptotic signals. Even
though the physiological significance of the DDH region
of OPG is not known, administration of OPG to rats and
mice rapidly decreases serum calcium concentrations
(Chambers et al., 1993; Jimi et al., 1996; Suda et al.,
1997; Wesolowski et al., 1995; Yamaguchi et al., 1998).
Expression of OPG mRNA in osteoclastic cells has been
shown to regulate the activity of several cytokines including IL-1α (Simonet et al., 1997), TNFs (Lacey et al.,
1998), and transforming growth factors (Anderson et al.,
1997; Wong et al., 1997). Furthermore OPG knockout
mice exhibit severe symptoms of osteoporosis (Nakagawa
et al., 1998; Ueland et al., 2002), which suggests that
OPG is a physiologically important inhibitor of osteoclastic bone resorption. Recently, data from the first clinical
treatment using OPG showed successful inhibition of
bone resorption in postmenopausal women, suggesting
that OPG could be developed as a new therapeutic agent
for osteoporosis (Haynes et al., 2001; Khosla, 2001; Takasaki et al., 1997; Whyte et al., 2002). Due to its large
size and numerous disulfide bonds, OPG could only be
administered parentally. Therefore, the discovery of peptide drugs or small peptidyl mimetics would open new
opportunities for the treatment of metabolic bone diseases
in postmenopausal women, steroid-induced osteoporosis
and rheumatoid arthritis (Takasaki et al., 1997; Whyte et
al., 2002). Functional characterization of OPG demonstrated that one to four of its domains were sufficient for
osteoclastogenesis inhibitory activity (Yamaguchi et al.,
1998). Therefore, a structure-function analysis of OPG
peptides could provide useful information for developing
Abbreviation: OPG, osteoprotegerin.
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peptide-based drugs that could be delivered more conveniently than the full length protein. To this end, we have
determined the solution structures of OPGac and OPGa
analogue peptides in combination with functional assays.
Our data shed light on the structural requirements for
small peptide drugs designed to treat bone diseases (Woo
et al., 2000).
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Materials and Methods
Peptide synthesis and purification Two forms of peptides
(linear: OPGa and cyclic: OPGac) with Ac-Tyr1-Cys2-Leu3Glu4-Ile5-Glu6-Phe7-Cys8-Tyr9-NH2 sequences based on residues
112-118 of the human OPG sequence were synthesized commercially (Fig. 1B) (PEPTRON Inc., Korea). The synthetic peptides were purified by reverse-phase liquid chromatography
using a Nova-Pak C18 column on a Waters Delta Prep 4000
system and further purified by equilibrating the column with
0.1% TFA in water and developing with a linear gradient of
acetonitrile. The purified peptides were characterized by the
combined use of high-pressure liquid chromatography and mass
spectrometry. The NMR samples were prepared by dissolving
the peptides in 99.9% DMSO-d6 with 6 mM DTT for the linear
form, and without DTT for the cyclic form. The final peptide
concentrations were approximately 2.5 mM.
Bone marrow cell culture and induction of osteoclastogenesis
Preosteoclasts (pOCs) were prepared by osteoclastogenesis, as
previously described (Woo et al., 2000). Briefly, the tibiae and
femurs of 5-8 week mice were dissected and cleared of adherent
soft tissue, and 1 ml of complete α-MEM media (supplemented
with 10% fetal bovine serum, 100 units/ml, penicillin G sodium,
100 μg/ml streptomycin sulfate and 0.25 μg/ml of amphotericin
B) was injected using a sterile 25-gauge needle. The bone marrow cells so obtained were washed twice with complete α-MEM
medium and once with TrisCl-NH4Cl buffer (Tris ⋅ Cl, 10 mM;
NH4Cl, 0.83%). The cells were then cultured overnight, and the
following day non-adherent cells were collected and plated in
96-well plates (Falcon, USA) to a final density 105 cells/0.1
ml/well. To induce osteoclastogenesis, the plated cells were
treated with macrophage colony-stimulating factor (M-CSF) (40
ng/ml) and RANKL (40 ng/ml) for 3 d. Osteoclast formation
was assessed by measuring tartrate-resistant acid phosphatase
(TRAP) activity using a commercial kit (Sigma, 387-A for cytochemical staining; and Sigma, 104-Al for colorimetric assay).
After 72 h in culture, the cells were fixed and assayed for TRAP
activity, and TRAP-positive cells with more than four nuclei
were recorded.
Assay of inhibition of osteoclastogenesis To evaluate the biological activity of the synthesized peptides we performed an
osteoclastogenesis inhibition assay. Aliquots of the induced
media containing the synthesized OPG peptides were placed
into the cultured bone marrow cell wells. If the peptide was

B
Fig. 1. Domain structures and amino-acid sequences of hOPG and
the OPG peptides. A. Structural domains of native human OPG. B.
The amino-acid sequences of OPG and the designed peptides.

active, osteoclastogenesis induced by M-CSF and RANKL would
be inhibited by the peptide. The degree of inhibition was assessed
by measuring TRAP activity after treating the bone marrow cells
with medium containing OPGac or OPGa (10−6M−10−4M) in 96
well plates.
NMR Spectroscopy All NMR experiments were performed on
a Bruker DRX500 spectrometer in quadrature detection mode
equipped with a triple resonance probe head with triple-axis
gradient coils. All data were collected at 25°C, and the strong
solvent resonance was suppressed by WATERGATED pulse
sequence combined with pulsed-field-gradient (PFG) pulses.
NOESY mixing times of 100–400 ms were used for both OPGac
and OPGa. Total correlation spectroscopy (TOCSY) data were
also recorded for samples in DMSO with a mixing time of 69.9
ms using MLEV17 spin lock pulses (Davis and Bax, 1985).
Double quantum-filtered (DQF) COSY (Rance et al., 1983)
spectra were collected to obtain the vicinal coupling constants.
All experiments were recorded in phase-sensitive mode using
the time proportional phase increment (TPPI) method (Marion
and Wüthrich, 1983) with 2048 data points in the t2 domain and
256 in the t1 domain. One-dimensional proton NMR experiments were performed to obtain the temperature coefficients of
NH protons at 293, 298 and 303 K (Baxter and Williamson,
1997). All NMR data were processed using Bruker XWIN-NMR
(Bruker Instruments) software on a SGI Indigo2 workstation,
and analyzed manually. Prior to Fourier transformation in the t1
dimension, the first row was half-weighted to suppress t1 ridges
(Otting et al., 1988). The DQF-COSY data were processed to
8192 × 1024 data matrices to obtain maximum digital resolution
for coupling constant measurements. The proton chemical shifts
were referenced to internal sodium 4, 4-dimethyl-4-silapentane
1-sulfonate (DSS).
Structure calculations Structure calculations were carried out
using the hybrid distance geometry and dynamical simulated-
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Fig. 2. Bioassay for osteoclastogenesis induced by M-CSF and
RANKL. Mice long-bone marrow cells were cultivated in 96well plates (105 cells/100 μl/well) with α-MEM. During induction with M-CSF and RANKL, the bone marrow cells were incubated with the synthesized peptides (10−6M, 10−5M, and
10−4M, respectively). After 3 days, the acid phosphatase activity
in each well was measured. Negative: no induction or treatment
for the control.

annealing protocols, as described previously (Nilges et al.,
1988a; 1988b; 1988c), using the CNS 1.0 program on an SGI
Indigo2 workstation. The 1H-1H distance restraints were deduced
by analysis of the 2D-NOESY spectra. The volumes of NOESY
cross-peaks were integrated and classified into three categories;
strong (1.8−2.7Å), medium (1.8−3.3Å) and weak (1.8−5.0 Å).
Corrections for pseudo-atom representations were used for nonstereo-specifically assigned methylene, methyl group, and ring
protons (Wüthrich et al., 1983). The values of 3JHNα were obtained from the DQF-COSY experiment, and Φ angle restraints
were derived from the 3JHNα coupling values on the basis of the
empirical Karplus relation; these were set to −55 ± 40° or −60 ±
40° for 3JHNα values lower than 5 Hz, and −120 ± 40° for 3JHNα
values higher than 8 Hz. The disulfide bonding restraints for the
OPGac were used by defining two distances for each bond: rS(i)S(j) = 2.0 ± 0.1Å and rCβ(i)-S(j) = 3.0 ± 0.1Å. A total of 95 and 78
physically significant distance restraints were derived from the
cross-peaks of the NOESY spectra of OPGac and OPGa, respectively. The 14 structures with the lowest energies from fifty
simulated-annealing structures were selected for further analysis
using the PROCHECK (Lakovski et al., 1993), Insight II (Accelerys, Inc.) and MOLMOL (Koradi et al., 1996) programs.

Results and Discussion
Inhibition of M-CFS/RANKL-induced osteoclastogenesis by OPG analogue peptides Inhibition of osteoclastogenesis by both OPG analogue peptides was dosedependent (10−6 M−10−4 M). However, there was a significant difference in the inhibitory effect of the two peptides
at 10−4 M (Fig. 2). 10−4M OPGc dramatically inhibited os-
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Fig. 3. TRAP assay. A. Negative control: no induction or treatment B. Positive control: treatment with M-CSF and RANKL C.
Treatment with OPGa (10−4M) D. treatment with OPGaC
(10−4M); morphology of TRAP-positive osteoclasts following 3daytreatment with M-CSF and RANKL (B).

teoclastogenesis induced by M-CSF/RANKL, and this was
confirmed by TRAP assays showing that TRAP positive
mononuclear cells were only observed after simultaneous
treatment with OPGac and OPGa, M-CSF and RANKL
(Fig. 3).
NMR Resonance assignments Complete proton resonance assignments for both peptides were obtained by the
standard sequential resonance assignment procedure
(Wüthrich, 1986). All sequential and medium range NOE
connectivity data for the two peptides is summarized in
Fig. 4. The NOE patterns of OPGac were quite different
from those of OPGa, despite the fact that both peptides
adopt a turn-type conformation. For example, two strong
HN/HN NOEs between Leu3/Glu4 and Phe7/Cys8 were
observed in the cyclic form, but were not present in the
linear peptide.
Solution structures of the peptides NMR data indicate
that both peptides form stable β-turn-like conformations,
although the OPGac had a more stable turn conformation
than OPGa. The NMR structures for the OPG analogue
peptides were calculated from the experimental restraints
obtained from the 2D-NOESY and DQF-COSY spectra. A
total of 50 distance geometry (DG) structures served as
starting structures for dynamic simulated-annealing (SA)
calculations. None of the 50 simulated annealing structures showed restraint violations greater than 0.5Å for
distances and 5° for torsion angles. From the 50 structures
generated by simulated annealing, we used the 14 lowest
energy structures for detailed structural analysis. A bestfit superposition of the 14 <SA>k structures along with
the average REM structure is displayed in Figs. 5A and
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Fig. 4. Summary of sequential and short-range NOE connectivities for (A) OPGaC and (B) OPGa. The NOEs are based on
NOESY spectra with mixing times of 100–400 ms, and the intensities are represented by the thickness of lines. The 3JHNα coupling
constants were measured from DQF-COSY data, and the ranges
of coupling constant value are displayed as filled circle (3JHNα <
6Hz), open circle (6Hz < 3JHNα < 8Hz) and shaded circle (3JHNα >
8Hz).

5B. All of the backbone torsion angles (Φ, ψ) of the final
14 structures fell into energetically favorable regions
based on PROCHECK analysis. The backbone RMSDs
for turn regions of the two peptides were 0.017 nm for
OPGac and 0.102 nm (Cys2-Cys8) for OPGa. Both peptides form stable β-turn-like conformations; however,
OPGac formed a more compact and rigid turn conformation than OPGa due to the intra-molecular disulfide bond.
The turn regions (residues Cys2-Cys8) of both peptides
were relatively well-defined, as shown in Figs. 5A and 5B.
The calculated structures clearly indicate that OPGac is
more rigid than OPGa. In addition, the local arrangement
of the backbone structure of OPGa clearly differs from
that of OPGac. Figure 5C compares the structures of the
backbone atoms of the two peptides.
Structure-functions of the OPG analogue peptides
OPG acts as a soluble inhibitor of RANKL by interfering
with the interaction between RANKL and its receptor
RANK (Ito et al., 2002). Since little is known of the molecular basis of the interaction between RANKL and OPG,
it is difficult to propose a mechanism for the binding between the two molecules. Recently, the crystal structure

Fig. 5. Final simulated-annealing structures of (A) OPGac and
(B) OPGa, and (C) comparison of the backbone conformations
of OPGac (black) and OPGa (grey). All 14 structures are superimposed on the REM structure in (A) and (B).

of the extracellular domain of mouse RANKL has been
determined at 2.2Å resolution; it shows that RANKL is
trimeric with each subunit having a β-strand jellyroll topology (Ito et al., 2002). Interestingly, the RANK binding
site of RANKL appears to be flexible in the free state, but
is thought to become ordered upon binding to the receptor
molecule. Since the OPG peptides are composed mostly
of hydrophobic residues (Fig. 1), their hydrophobic sidechains could be involved in RANKL binding via hydrophobic interactions. In addition, structural and biochemical studies suggest that Gln237 in human RANKL can
form a hydrogen bond to the backbone of Glu125 in human RANK. In the middle of the sequence the OPG peptides have two Glu residues (Glu4 and Glu6), which flank
the hydrophobic residue Ile5. Therefore, we suggest that
the key residues for RANKL binding by the OPG peptides
consist of both hydrophobic and hydrophilic residues.
Even though our NMR structure shows that OPGa possesses a relatively flexible turn-like conformation, its ability to suppress osteoclastogenesis induced by M-CSF/
RNAKL is ten-fold higher than that of OPGac. This im-
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plies that a certain degree of conformational flexibility is
important for RANKL binding. We hypothesize that OPG
peptides undergo conformational change upon binding to
RANKL and that the bound structure of the peptide differs from that of the free peptides. We are currently determining the bound conformation of the OPG peptides in
the presence of the OPG receptor/RANKL to determine
the precise mechanism of binding between the peptides
and RANKL. This could help us develop a structurebased drug design strategy for treating metabolic bone
diseases caused by abnormal osteoclast recruitment and
function, such as osteopetrosis, osteoporosis and metastatic bone diseases.
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