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The secreted glycoprotein sclerostin has recently emerged as
a key negative regulator of Wnt signaling in bone and has stim-
ulated considerable interest as a potential target for therapeu-
tics designed to treat conditions associated with low bonemass,
such as osteoporosis. We have determined the structure of
sclerostin, which resulted in the identification of a previously
unknownbinding site for heparin, suggestive of a functional role
in localizing sclerostin to the surface of target cells.Wehave also
mapped the interaction site for an antibody that blocks the inhi-
bition ofWnt signaling by sclerostin. This shows minimal over-
lap with the heparin binding site and highlights a key role for
this region of sclerostin in protein interactions associated with
the inhibition ofWnt signaling. The conserved N- and C-termi-
nal arms of sclerostin were found to be unstructured, highly
flexible, and unaffected by heparin binding, which suggests a
role in stabilizing interactions with target proteins.

Sclerostin is a 190-residue secreted glycoprotein which is
predicted to contain a cystine-knot motif and is a member of
the DAN/Cerberus protein family. Recently, patients suffering
from a rare inherited bone disorder (sclerosteosis) character-
ized by exceptionally high bone density (1) were found to be
homozygous for a defective sclerostin gene (SOST) (2, 3). A
similar high bone mass phenotype has been reported for
sclerostin knock-out mice (4), and together, the human and
mouse data clearly highlight the importance of sclerostin in the
regulation of bone formation. Sclerostin is secreted by bone
dwelling osteocytes and has been shown to down-regulate the
synthesis of several markers of bone formation by osteogenic
cells (5–7). A number of potential protein binding partners
have been reported for sclerostin, including BMPs-2, -4, -5, -6,
-7 and the BMPantagonist noggin aswell as LRP5 and -6, which

are co-receptors for Wnt proteins (6, 8–11). Evidence is accu-
mulating that one of the important mechanisms of bone regu-
lation by sclerostin is the modulation ofWnt/�-catenin signal-
ing (12). This signaling pathway is now known to play a central
role in the regulation of bone growth and remodeling. Activa-
tion of the pathway results in increased proliferation and differ-
entiation of osteoblast precursor cells as well as reduced apo-
ptosis ofmature osteoblasts, which favors the deposition of new
bone and increased bone density (for recent reviews, see Refs.
13–15). The role of sclerostin in regulatingWnt activity is sup-
ported by the recent discovery of a number of mutations in
LRP5, which lead to a high bone mass phenotype with similar-
ities to sclerosteosis and result in reduced binding of sclerostin
(16–18).
Sclerosteosis is not associated with ectopic bone formation

and the bone produced is of high quality (1). This has stimu-
lated considerable interest in sclerostin as a therapeutic target
for the treatment of a number of low bone mass disorders such
as osteoporosis. Animal studies have shown that administra-
tion of sclerostin-specific antibodies results in significant
increases in bone formation, bone density, and bone strength
(19, 20). In addition, a recent study in human volunteers
reported a dose-dependent increase in markers of bone forma-
tion after administration of a neutralizing antibody to sclerostin
(21).
Structural studies of a number of members of the cystine-

knot family (transforming growth factor-�2, chorionic gonado-
tropin, IL17F, BMP-7, etc.) have revealed that the proteins
adopt fairly similar backbone topologies, with two pairs of
twisted antiparallel �-strands forming an extended finger like
structure with the cystine-knot at the base. Within the cystine-
knot motif four highly conserved cysteine residues form two
intra-chain disulfide bonds to produce a ring structure, which
typically contains 8–14 residues. The final pair of conserved
cysteines form a third disulfide bond that threads back through
the ring to produce an exceptionally stable structural motif (22,
23). The majority of cystine-knot proteins form functional
homo- or heterodimers, but the complexes show no conserva-
tion in the orientation of the subunits nor in the surface regions
involved in dimer interfaces. This variation in dimer structure
almost certainly reflects the diverse functional roles of mem-
bers of the cystine-knot family, which includes growth fac-
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tors, hormones, cytokines, and also inhibitors of these
classes of proteins (24).
In this communication we report the solution structure of

sclerostin, which reveals a number of interesting features, such
as the presence of a potential heparan sulfate binding site and
highly flexibleN- andC-terminal regions. The ability of scleros-
tin to specifically bind heparinwas confirmed byNMR titration
experiments. Similarly, mapping of the binding site for an anti-
body that antagonizes the effects of sclerostin onWnt signaling
in vitro and stimulates bone formation in vivo has identified a
functionally important region of sclerostin, which is clearly
involved in the modulation of Wnt signaling.

EXPERIMENTAL PROCEDURES

Expression and Purification of Sclerostin—The mature human
sclerostin protein (residues Gln-1—Tyr-190) was expressed as
a maltose-binding protein fusion (MBP-Scl) in Escherichia coli
OrigamiB (DE3) pLysS using amodified pMalC2X vector (New
England Biolabs). A tobacco etch virus protease site was
inserted between the maltose-binding protein and sclerostin,
resulting in a single amino acid (Gly) being added to the N
terminus of sclerostin after cleavage from the fusion protein.
Uniformly 15N- and 13C,15N-labeled sclerostin was produced
from cells grown in minimal medium containing [15N]ammo-
nium sulfate and, if appropriate, D-[13C]glucose as the sole
nitrogen and carbon sources. To improve the quality of the
13C,1H HSQC3-NOESY spectra, 13C,15N-labeled samples of
sclerostin were prepared that contained unlabeled aromatic
residues (Phe, Tyr, Trp, andHis). Additional details are given in
the supplemental material. Mammalian cell derived recombi-
nant human sclerostin was produced using the HEK293 cell
line.
Mass Spectrometry—Purified sclerostin was digested with

1:50 w/w trypsin overnight at 37 °C and pH 7.5. Peptides pro-
duced were separated on C4 column using an Agilent 1100
HPLC system. 10�l of digestwas loaded onto the column equil-
ibrated with water containing 0.1% trifluoroacetic acid (buffer
A). Peptideswere elutedwith a linear gradient from100%buffer
A to 50% buffer B (acetonitrile containing 0.1% trifluoroacetic
acid) over 23min and then from50 to 95%Bover 10min. Eluted
peaks were monitored at 208 nm, collected manually, and ana-
lyzed by MALDI and nano-LCMS. Samples of purified scleros-
tin, its digests, or collectedHPLC fractions were analyzed using
an ABI Voyager DE-STR instrument in positive-ion reflectron
mode. Fractions containing tryptic peptides eluted from the C4
column were also analyzed in positive-ion mode on a Waters
Qtof mass spectrometer equipped with a z-spray source. Spec-
tra were analyzed using Waters Masslynx and deconvoluted
using the MaxEnt software.
T-cell Factor-luciferase Reporter Cell Line Development and

Luciferase Assay—The mouse osteoblast cell line MC3T3-E1
was transfected with a Super-TOPFlash reporter construct
(25), and stable cell lines were selected and evaluated (26). In

these stably transfected cells luciferase expression was induced
by adding either conditioned media from Wnt3a-transfected
cells (CRL-2647, ATCC) or purified recombinant mouse
Wnt3a (R & D Systems). Cells were incubated at 37 °C for 24 h
either in the presence or absence of sclerostin, and luciferase
was assayed using Luclite reagent according to manufacturer’s
recommendations (PerkinElmer Life Sciences).
Sclerostin Binding to MC3T3-E1 Cells—The MC3T3-E1

reporter cell line described abovewas transfectedwith 0.1�g of
vector DNA per well (in a 96-well plate) encoding human
sclerostin (or derivatives) using Lipofectamine (Invitrogen)
according to the manufacturer’s recommendations. After
transfection the cells were incubated at 37 °C for 24 h, and 10�l
of supernatant was removed and pooled forWestern blot anal-
ysis. One-fifth volume of lysis buffer (225 mM Tris-HCl, 50%
glycerol, 5% SDS, 250 mM dithiothreitol, pH 6.8) was then
added to each well (containing both supernatant and cells) to
liberate cell-associated material and allow assessment of the
total amount of sclerostin being produced. The plate was then
frozen at �20 °C overnight before pooling of the lysate, and
Western blot analysis was performed with an antibody to
sclerostin. In some experiments heparin from porcine intesti-
nal mucosa (Sigma) was added (at the concentrations indicated
in the legend to Fig. 6) for the last 3 h of the incubation to
displace any sclerostin bound to cell surface glycosaminogly-
cans before Western blot analysis of the supernatant. Western
blotting was performed with a mouse monoclonal antibody to
sclerostin and was revealed using a goat anti-mouse peroxide
conjugate (Jackson ImmunoResearch Laboratories) and ECL
(Amersham Biosciences). In each case the Western plot was
performed on material pooled from eight separate transfec-
tions. Site-directed mutagenesis using the QuikChange II
mutagenesis kit (Stratagene) and oligonucleotides from Sigma
Genesys was carried out according to the manufacturer’s rec-
ommendations to generate genes encoding forms of sclerostin
mutated in the heparin binding site. The sequence of all scleros-
tin mutants was confirmed by DNA sequencing.

3 The abbreviations used are: HSQC, heteronuclear single quantum correla-
tion; HPLC, high performance liquid chromatography; MALDI, matrix-as-
sisted laser desorption ionization; NOESY, two-dimensional nuclear Over-
hauser effect (NOE) spectroscopy.

FIGURE 1. Inhibition of Wnt3a-dependent signaling by recombinant
sclerostin produced in mammalian cells and E. coli. MC3T3-E1 cells stably
transfected with a Super-TOPFlash reporter construct were treated with
Wnt3a (50 ng/ml) and purified human recombinant sclerostin expressed
either in mammalian cells or E. coli. The data shown illustrate the comparable
inhibition of Wnt-dependent signaling obtained with either mammalian cell-
derived sclerostin (black bars) or E. coli-derived 15N-labeled sclerostin (white
bars).
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NMR Spectroscopy—NMR spectra were acquired from
0.35-ml samples of sclerostin (200–310�M) in a 25mM sodium
phosphate, 100mM sodiumchloride, and 10�MEDTAbuffer at
pH 5.5. All the NMR experiments were collected at 35 °C on
either 600 or 800MHz Bruker Avance spectrometers equipped
with a triple resonance (13C, 1H,15N) cryoprobe. A series
of double- and triple-resonance spectra was recorded to deter-
mine essentially complete sequence-specific resonance assign-

ments for sclerostin, as described
previously (27–29). 1H-1H distance
constraints required to calculate the
structure of sclerostin were derived
from NOEs identified in NOESY,
1H,15N NOESY-HSQC, and 1H,13C
HSQC-NOESY spectra, which were
acquired with an NOE mixing
time of 100 ms. The specific bind-
ing of either heparin or an inhibi-
tory Fab fragment to sclerostin
was monitored by changes induced
in the positions of signals from
backbone amide groups of 15N-la-
beled sclerostin in 1H,15N HSQC
spectra. Residues involved in stable
backbone hydrogen bonds were
identified by monitoring the rate of
backbone amide exchange in two-
dimensional 1H,15N HSQC spectra
of sclerostin dissolved in D2O.
Protein Structural Calculations—

The family of converged sclerostin
structures was calculated in a two-
stage process using the program
Cyana 2.1 (30). Initially, the com-
bined automated NOE assignment
and structure determination pro-
tocol (Candid) was used to auto-
matically assign the NOE cross-
peaks identified in two-dimensional
NOESY and three-dimensional
15N- and 13C-editedNOESY spectra
and to produce preliminary struc-
tures. Subsequently, several cycles
of simulated annealing combined
with redundant dihedral angle con-
straints (Redac) were used to pro-
duce the final converged sclerostin
structures (31). Analysis of the fam-
ily of structures obtained was car-
ried out using the programs Cyana,
Molmol, and PyMOL (DeLano Sci-
entific LLC) (30, 32).
Docking-based Prediction of Hep-

arin Binding Sites on Sclerostin—
The potential of sclerostin to bind
heparin was assessed using a dock-
ing protocol previously shown to
identify heparin binding sites on

proteins with high confidence (34). The program Autodock
Version 2.4.7 was used for the docking calculations; this keeps
the protein rigid but allows for a degree of flexibility around
exocyclic bonds in the heparin ligand. To provide some indica-
tion of the effect of protein flexibility on potential heparin bind-
ing, the 10 lowest energy NMR structures of sclerostin were
docked with each of the three heparin oligosaccharides
assessed. The flexible N- and C-terminal tails of sclerostin were

FIGURE 2. Solution structure of sclerostin. Panel A shows a best-fit superposition of the protein backbone for
the family of 36 converged structures obtained for sclerostin, whereas panel B contains a ribbon representation
of the backbone topology of the structured core of the protein (residues 52 to 147) in the same orientation.
Panel C shows a schematic representation of the protein, highlighting the positions of disulfide bonds, the
resulting 3 loop structure, and residues involved in regular �-sheets (blue).
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not used in the docking calculations, which included the struc-
tured Phe-46—Arg-148 region only. Heparin oligosaccharides
were derived from the published NMR structure (PDB code
1HPN), and separate docking calculations were carried out
with an endecasaccharide and two pentasaccharides, one with
internal 2-O-sulfated iduronate residues in the 1C4 chair con-
formation and one in the 2S0 skew-boat conformation (35). All
the oligosaccharide ligandmodels hadN-sulfated, 6-O-sulfated
glucosamine as both reducing and non-reducing terminal
residues.
Preparation of Heparin—Heparin fragments of defined

length were prepared from partially heparinase-depolymerized
porcine mucosal heparin as previously described (36).
Preparation of Inhibitory Antibodies to Sclerostin—A range

of anti-sclerostin monoclonal antibodies was initially raised in
rabbits using a modification of the selected lymphocyte anti-
bodymethod approach (37) and assessed for biological activity.
Chimeric antibody and Fab (rabbit V regions, mouse �1 con-
stant regions) expression vectors were then constructed for a
number of parent antibodies with the ability to inhibit scleros-
tin and transiently expressed in Chinese hamster ovary cells.
The expressed antibodies and Fabs were purified by protein G
affinity chromatography using standard methods.
Effects of a Sclerostin-specific Antibody on Bone Formation

and Bone Quality—Groups of 10 male Balb/c mice (�22 g)
were dosedwith a 200-�l subcutaneous injection every 2weeks.
Group 1 received a phosphate-buffered saline (PBS) control,
group 2 Scl-AbI at 25mg/kg on day 0 and 42 andPBS at all other
times, and group 3 received Scl-AbI at 25 mg/kg at all times.
The bone mineral density of all animals was measured with a
PIXIMus DEXA scan at time 0 and 2, 6, 8, and 10 weeks. Mice
weremaintained and studied according toUKHomeOffice reg-
ulations and housed in proximity to sentinels which were used
for regular pathogen screening.

Analysis of NMRBinding Data—Theminimal shift approach
(38–40) was used to assess the changes in the positions of
sclerostin backbone amide signals resulting from the binding
of either heparin or the Fab fragment. A detailed description of
the exact procedure used has been published recently (41, 42).
To facilitate the identification of ligand binding sites on the
surface of sclerostin, histograms ofminimal combined shift ver-
sus the protein sequence were used to identify regions of the
protein containing a number of significantly perturbed back-
bone amide signals. The affected residues within these regions
were then assessed as possible interaction sites in the ligand
binding site by examination of the solution structure deter-
mined for sclerostin. In this analysis only clusters of residues
located on the surface of the protein were considered to be
available for ligand binding.
Calculation of the Structure of the Sclerostin-Heparin

Complex—The docking software package Haddock (43) was
used to calculate the structure of the sclerostin-heparin com-
plex using experimental NMR data. In this well validated
approach the algorithm guiding the docking of the protein and
ligand is driven by ambiguous distance constraints derived
from combinedminimal shift data. Precise details of the proto-
col used have been published recently (41). The complete fam-
ily of converged solution structures obtained for sclerostin
together with a dodecameric heparin molecule parameterized
with the Xplo2D and Prodrg software (44, 45) were used as the
starting point for the docking calculations. Ambiguous distance
constraints were defined between all heparin atoms, and the
residues on sclerostin were identified to be involved in the hep-
arin binding, as described previously (41).

RESULTS AND DISCUSSION

Sclerostin Characterization—Analysis of purified recombi-
nant sclerostin using MALDI mass spectrometry identified a

FIGURE 3. Sequence conservation between structural homologues in the cystine-knot family. The figure shows an optimized structure-based sequence
alignment for the structured region of sclerostin against structurally related members of cystine-knot family. The highly conserved cysteines involved in
formation of the cystine-knot motif are shaded in pink, and conserved or semi-conserved hydrophobic residues are highlighted in blue. The residue numbers
and positions of regular secondary structure elements shown above the sequence alignment refer to sclerostin. The multiple alignment was produced with
JalView (33) using an optimized structure based alignment determined by DALI (46). PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth
factor; TGF, transforming growth factor; GDNF, glial cell line-derived neurotrophic factor; COAG, coagulation factror; BDNF, brain-derived neurotrophic factor;
CG, chorionic gonadotropin.

Structural Features and Interactions of Sclerostin

APRIL 17, 2009 • VOLUME 284 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 10893



single major species, with an intact mass corresponding to that
expected for the protein (observed mass of 21,579 � 22 Da
versus an expected value of 21,573 Da). The protein expressed
in E. coli showed equivalent activity in a cell-basedWnt signal-
ing assay to sclerostin produced inmammalian cells (Fig. 1) and
was also recognized by a panel of antibodies with distinct
epitopes on sclerostin (data not shown).
The pattern of the disulfide bonds in E. coli-expressed scle-

rostin was mapped by trypsin digestion of the protein followed
by identification of the peptides produced using mass spec-
trometry (supplemental Tables 1 and 2). The mass spectrome-
try data are consistent with the following pairs of cysteines
forming disulfide bonds: Cys-56—Cys-110 (C1-C4), Cys-81—
Cys-141 (C2-C5), Cys-85—Cys-143 (C3-C6), and Cys-70—
Cys-124 (C�-C�), which conforms to the pattern expected for a
cystine-knot. The pairs C2-C5 andC3-C6 formpart of an eight-
member cystine ring, with the C1-C4 disulfide threading
through the ring to form the cystine-knot. The final pair of
cysteines (C�-C�) link loops 1 and 3, as shown schematically in
Fig. 2C.
Solution Structure of Sclerostin—Comprehensive sequence-

specific backbone and side-chain resonance assignments were
obtained for sclerostin using a combination of triple-resonance
experiments, as described in previously published work (27–
29). The backbone amide signals (15N and 1H)were assigned for
all residues except His-44, Phe-108, Arg-109, Arg-145, Asn-
151, and Asn-187, whereas assignments obtained for non-ex-
changeable side-chain signals were more than 92% complete.
The completeness of the 15N, 13C, and 1H resonance assign-

ments obtained for sclerostin allowed automated assignment of
the NOEs identified in three-dimensional 1H,15N NOESY-
HSQC and 1H,13C HMQC-NOESY and in the aromatic to ali-
phatic region of two-dimensional NOESY spectra using the
Candid procedure implemented in Cyana (30). This approach
proved very successful and yielded unique assignments for
93.3% (2974/3187) of the NOE peaks observed, which provided
1828 non-redundant 1H-1H distance constraints. In the final
round of structural calculations 36 satisfactorily converged
sclerostin structures were obtained from 100 random starting
conformations using a total of 1974 NMR-derived structural
constraints (an average of 22.4 constraints per residue for the
well defined region corresponding to residues 56–144), includ-
ing 1828 NOE-based upper distance limits (514 intra residue,
683 sequential (i, i �1), 111 medium range (i, i � 4), and 520
long range (i, i � 5)), 110 backbone torsion angle constraints
(55 � and 55 �), 12 hydrogen bond constraints (6 backbone
hydrogen bonds), and 24 disulfide bond constraints (4 disulfide
bonds).
The converged sclerostin structures contain no distance or

van der Waals violations greater than 0.5 Å and no dihedral
angle violations greater than 5°, with an average value for the
Cyana target function of 0.97 � 0.20 Å2 (30). The sums of the
violations for upper distance limits, van derWaals contacts, and
torsion angle constraints were 2.4 � 0.6 Å, 3.4 � 0.3 Å, and
8.4 � 2.8°, respectively. Similarly, maximum violations for the
converged structures were 0.32 � 0.09 Å, 0.25 � 0.03 Å, and
2.75 � 1.05°, respectively. Analysis of the backbone dihedral
angles for the family of converged structures revealed that

nearly 64% of the residues adopt backbone conformations
within themost favored regions of a Ramachandran plot,�33%
lie within the additional allowed regions, and about 3% lie
within the generously allowed regions, with no residues consis-
tently found in disallowed regions. The family of sclerostin
structures togetherwith theNMRconstraints have been depos-
ited in the Protein Data Bank under accession number 2K8P.
The solution structure of sclerostin has been determined to

relatively high precision, which is clearly evident from the over-
lay of the protein backbone shown for the family of converged
structures in Fig. 2A. This is also reflected in reasonably low
root mean squared deviation values to the mean structure for
both the backbone and all heavy atoms (0.89 � 0.21 and 1.50 �

FIGURE 4. Surface features of sclerostin. Panels A and B show contact sur-
face views of sclerostin, which are colored according to electrostatic poten-
tial, with areas of significant positive charge shown in blue, significant nega-
tive charge in red, and neutral in white. The orientation of the protein in panel
A is equivalent to the ribbon representation in panel C. The location of the
hydrophobic patch on the concave surface of the extended finger-like struc-
tures is indicated by the arrow. Panels C and D show a ribbon representation
of sclerostin, with the positions of the basic side chains from arginine and
lysine residues highlighted.
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0.21 Å, respectively) of residues forming the well defined core
region (residues 56–85 and 110–144).
The NMR data clearly indicate that the fairly long N- and

C-terminal regions (residues 1–55 and 145–189) of sclerostin
are highly flexible and completely disordered (Fig. 2A). The
remaining residues form three loop-like structures (loop 1,
Arg-57—Val-80; loop 2. Gly-86—Arg-109; loop 3. Ile-111—

Ser-140), which are cross-linked by a network of disulfide
bonds (C1-C4, Cys-56—Cys-110; C2-C5, Cys-81—Cys-141;
C3-C6, Cys-85—Cys-143; C�-C�, Cys-70—Cys-124) as illus-
trated schematically in Fig. 2C. As expected, three of the disul-
fides form a cystine-knot motif. The residues in loops 1 and 3
form two pairs of twisted anti-parallel �-strands, which lie
alongside each other and are joined at their tips by a single

FIGURE 5. Characterization of the interaction of heparin with sclerostin. Panel A shows an overlay of selected regions from 1H,15N HSQC spectra of
uniformly 15N-labeled sclerostin (200 �M) acquired in the absence (blue) and presence (red) of an equimolar concentration of heparin 12-mer. Changes in the
positions of individual backbone amide peaks illustrate the shifts induced by heparin binding, which are summarized by the histogram of backbone amide
chemical shift change versus sequence shown in panel B. Panel C shows a surface view of sclerostin, in which residues are colored according to the perturbation
of their backbone amide signals induced by heparin binding, as indicated by the scale below. The protein is shown in a similar orientation to the ribbon
representation contained in Fig. 2. Panel D shows a representative view of heparin docked onto its binding site on the surface of sclerostin using ambiguous
interaction restraints derived from the NMR data.
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disulfide bond (C�-C�). This region of the structure resembles a
pair of long,moderately curved fingers. In commonwith theN-
and C-terminal regions, loop 2 appears to be relatively flexible
and adopts a diverse range of conformations within the family
of converged structures. The significant mobility in loop 2 and
in the N- and C-terminal regions is clearly seen in 15N{1H}
heteronuclear NOE measurements obtained for sclerostin
(data not shown).
Sclerostin Is an Atypical Member of the Cystine-knot Family—

Comparison of the backbone topology of sclerostinwith all pro-
tein structures deposited in the Protein Data Bank (24) using
Dali (46) identified 14 close structural homologues (backbone
root mean squared deviation of 3.0–5.1 Å over 58 to 77 match-
ing residues), which are members of the cystine-knot family.
This includes a number of growth factors (platelet-derived
growth factor, vascular endothelial growth factor, glial cell line-
derived neurotrophic factor, transforming growth factor-�2,
brain-derived neurotrophic factor, BMP-7, NT3, activin,
GDF-5 andArtemin), the cytokine IL17F, the inhibitory protein
Noggin, the glycoprotein hormone chorionic gonadotropin
and a coagulation factor) (47–61). With the exception of the
coagulation factor, all of these cystine-knot proteins are known
to form functional homo- or heterodimers; however, there is no
evidence to suggest that sclerostin dimerizes. Additionally,
none of the identified structural homologues contain long flex-
ible N and C termini.
A structure-based sequence alignment of sclerostin and its

close structural homologues is shown in Fig. 3 and highlights
the highly conserved cysteines that form the cystine-knotmotif
as well as a number of conserved hydrophobic residues. Analy-
sis of the positions of these hydrophobic residues in sclerostin
revealed that their side chains aremostly buriedwithin the core
of the protein and do not form a conserved hydrophobic patch
on the surface of the protein. This clearly indicates that these
residues are required to stabilize the shared protein structure
rather than reflecting a common functional site. The relatively
low degree of sequence conservation between sclerostin and its
structural homologues (�22%) appears to be typical for mem-
bers of the cystine-knot family (22).
Potential Functional Sites on Sclerostin—The most striking

feature on the surface of the high resolution structure obtained
for sclerostin is an essentially linear, positively charged patch,
which covers one entire side of the protein and is formed from
the side chains of residues in loops 2 and 3 (Lys-99, Arg-102,
Arg-114, Arg-116, Arg-119, Arg-131, Arg-133, Lys-134, Arg-
136, Lys-142, Lys-144, andArg-145), as illustrated in Fig. 4. This
type of extended basic surface is very reminiscent of known
heparin binding sites on a number of proteins andmay point to
a functional association between sclerostin and heparin. Anal-
ysis of the surface of sclerostin also revealed a significant hydro-
phobic patch (�1771 Å2) on the concave face of the two fingers
formed by loops 1 and 3, which primarily involves the side
chains of Leu-59, Phe-61, Val-65, Thr-66, Val-76, Val-80, Tyr-
115, Val-135, Leu-137, andVal-138 (Fig. 4A) andmay represent
a potential protein binding site.
The potential of sclerostin to interact with heparin was

assessed by a proven procedure that employs a rigid body dock-
ing protocol to identify heparin binding sites on proteins (62).

This analysis strongly suggested the presence of an extensive
heparin binding site. The predicted structures for heparin
endecasaccharide-sclerostin complexes show a highly consist-
ent orientation of the heparin with respect to the protein, in
which the oligosaccharide interacts with a linear surface of
basic residues running parallel to the long axis of the protein.
The putative heparin binding site on sclerostin extends over a
surface of 52 � 14 Å in length, with the variability arising from
the flexibility in loop 2. This corresponds quite closely to the
length expected for a dodecameric (12-mer) heparin molecule
(	48 Å) and formed the basis for the use of heparin 12-mer in
NMR binding experiments.
Mapping of the Heparin Binding Site on Sclerostin and Cal-

culation of the Structure of the Sclerostin-Heparin Complex—
The predicted binding of heparin to sclerostin was confirmed
by detecting changes in the positions of backbone amide NMR
signals (15N and 1H) induced by binding of a dodecameric hep-
arin fragment (Fig. 5A). The binding of the heparin fragment
clearly results in very significant shifts in the positions of back-
bone amide signals from residues located mainly in loops 2 and
3, in particular, Glu-53, Ser-55, Arg-57, His-60, Ser-82, Gly-83,
Leu-91, Trp-100, Trp-101, Arg-102, Ser-104, Asp-113,
Arg-114, Tyr-115, Arg-116, Ala-117, Arg-119, Val-120, Gln-
121, Leu-122, Leu-123, Glu-128, Ala-129, Arg-131, Ala-132,
Val-135, Leu-137, Val-138, Cys-141, Lys-144, and Leu-146 (Fig.
5B). The residues affected by heparin binding form a distinct
patch on the surface of sclerostin (Fig. 5C), which closely
matches the positively charged region previously identified as
the potential binding site and confirms the presence of a spe-
cific heparin interaction site on sclerostin.
The significant shifts in specific backbone NH signals of

sclerostin induced by heparin binding were used to generate
structures of the complex consistent with the NMR data using
the ambiguous interaction restraint-based docking protocol

FIGURE 6. Localization of sclerostin to the surface of cells. The top section
of panel A shows a Western blot (with an antibody to sclerostin) of 24-h super-
natants obtained from MC3T3-E1 cells transfected with wild type human
sclerostin. The transfections and treatments were as follows: 1, empty vector;
2, sclerostin; 3, empty vector with heparin added to a final concentration of
500 �g/ml; 4 –12, sclerostin with heparin added to final concentrations of 500,
250, 100, 50, 25, 12.5, 1, 0.5, and 0.25 �g/ml, respectively. The bottom section
of panel A shows the Western blot of samples generated from corresponding
wells incubated with a lysis buffer to determine the total amount of sclerostin
being produced. The top section of panel B shows the Western blot (with an
antibody to sclerostin) obtained for samples of 24-h supernatants from
MC3T3-E1 cells transfected with vectors encoding wild type or mutant
sclerostin. The transfections were as follows: 1, empty vector; 2, wild type
sclerostin; 3, sclerostin R114A, R116A, and R119A; 4, sclerostin K134A and
R136A; 5, sclerostin R97A, K99A, and R102A; 6, sclerostin K142A, K144A, and
R145A. The bottom section of panel B shows the Western blot obtained for
equivalent samples of total cell lysates.
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implemented inHaddock (41, 43). Visual inspection of the solu-
tion structure of sclerostin revealed an extensive patch of resi-
dues with substantially solvent exposed side chains and signif-
icantly perturbedNMR signals (Glu-53, Ser-55, Arg-57, His-60,
Trp-101, Arg-102, Arg-114, Tyr-115, Arg-116, Ala-117, Arg-
119, Gln-121, Leu-123, Ala-129, Arg-131, Ala-132, Lys-144,
and Leu-146), which were included as active residues in the
docking procedure. In addition, surface residues located adja-

cent to this group and with the
potential to contribute to heparin
binding (Tyr-54, Glu-58, Leu-79,
Arg-89, Leu-91, Lys-99, Gln-118,
Pro-130, Arg-133, Lys-134, Arg-
136, Ala-139, and Lys-142) were
defined as passive residues in the
docking protocol.
The docking calculations pro-

duced a fairly closely related family
of structures for the sclerostin-hep-
arin complex (cluster of 14 struc-
tures with backbone root mean
squared deviation of 2.6 � 0.8 Å),
which are represented by the struc-
ture shown in Fig. 5D. The entire
length of the heparin 12-mer makes
favorable contacts with the posi-
tively charged face on the protein
and results in onlyminor changes in
the conformation of the oligosac-
charide. The conformation of the
protein is similarly unaffected by
heparin binding. As expected, de-
tailed analysis of the structure of the
complex reveals that specific bind-
ing is predominantly stabilized by
favorable electrostatic interactions
between negatively charged sulfate
groups on heparin and positively
charged arginine and lysine side on
sclerostin, which are also supported
by a network of hydrogen bonds.
Critical electrostatic interactions
are made by the side chains of Arg-
102,Arg-114,Arg-116,Arg-119,Arg-
131, Arg-133, Lys-134, Arg-136, Lys-
142, Lys-144, Arg-145, and Arg-148,
which form the extended basic ridge
illustrated in Fig. 4. In addition, the
binding is enhanced by several
hydrogen bonds between polar
groups on heparin and backbone
amide groups of sclerostin (Tyr-115,
Ala-117, Ala-132, and Lys-134). The
average buried surface area for the
sclerostin-heparin interface is about
1450 Å2.
Heparin Mediates the Localization

of Sclerostin at the Cell Surface—
The mouse pre-osteoblast reporter cell line MC3T3-E1 was
transiently transfected with an expression vector encoding
human wild type sclerostin. Additions of heparin to the cell
culture for 3 h before the harvest of the supernatant resulted in
a striking dose-dependent increase in the amount of sclerostin
detected in the supernatant without affecting the total amount
of sclerostin produced by the cells, as shown in Fig. 6A. Similar
transfection experimentswere also carried out to determine the

FIGURE 7. Blocking of the inhibition of the Wnt/�-catenin signaling pathway by sclerostin. Panel A shows
the luciferase activity of MC3T3-E1 cells stably transfected with a Super-TOPFlash reporter construct, which
were treated with Wnt3a conditioned medium and 15N-labeled human recombinant sclerostin (2 �g/ml) in the
presence or absence of Scl-AbI or an isotype-matched control antibody (Ab, both 100 �g/ml). Data are pre-
sented as the mean � S.E. (n 
 8). Statistical analysis was carried out by one way analysis of variance with a
Bonferroni post hoc test (***, p � 0.001). Panel B shows the effects of Scl-AbI on total area bone mineral density
(BMD) of mice as measured by DEXA scans. The antibody was administered (25 mg/kg subcutaneously (s.c.)) at
either days 0 or 42 (triangles) or once every 2 weeks throughout the experiment (squares). Results obtained
from animals treated with a phosphate-buffered saline (PBS) control alone are shown for comparison (circles).
Data are presented as the mean � S.E. (n 
 8 –10). Statistical analysis was carried out by one way analysis of
variance with a Bonferroni post hoc test (***, p � 0.001). d, day.
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localization of several mutant forms of sclerostin in which
groups of positively charged residues involved in heparin bind-
ing had been changed to alanine residues (group A: Arg-114,
Arg-116, and Arg-119; group B: Lys-134 and Arg-136; group C:

Arg-97, Lys-99, and Arg-102; group D: Arg-142, Lys-144, and
Arg-145). The mutant forms of sclerostin were found at much
higher levels in the supernatant of transfected cells compared
with wild type sclerostin, as illustrated in Fig. 6B, although the

FIGURE 8. Identification of the binding site of an antibody that blocks the sclerostin-mediated inhibition of Wnt signaling. Panel A shows selected
regions from overlaid 1H,15N HSQC spectra of uniformly 15N labeled sclerostin (200 �M) acquired in the absence (blue) and presence (red) of an equimolar
amount of an antibody (Fab fragment of Scl-AbI) known to block the inhibition of Wnt signaling by sclerostin. The minimal backbone amide chemical shift
changes observed for sclerostin on Fab binding are summarized in the histogram shown in panel B. Panel C contains a surface view of sclerostin in which
residues are colored according to the perturbation of their backbone amide signals induced by Fab binding, as indicated by the scale below. The orientation
of the protein in panel C is equivalent to the ribbon representation in Fig. 2.
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total amount of sclerostin produced by the cells remained
unchanged. Co-transfection experiments with vectors encod-
ing wild type or mutant forms of sclerostin and a vector encod-
ing Wnt3a showed that impaired heparin binding had only
minor effects on the ability of sclerostin to inhibit Wnt signal-
ing (data not shown).
Heparan sulfates have been shown to play key roles in the

regulation of several important signaling pathways, including
some mediated byWnt proteins. This regulation appears to be
mediated via a number of mechanisms, including localization
of proteins to specific cell surfaces and by direct involvement in
ligand-receptor interaction. Interestingly, both the osteoblasts
and osteoclasts have been shown to secrete heparan sulfates
which localize to the cell surfaces and surrounding bonematrix
(63–65). The experimental data reported here clearly indicates
that the interaction between heparan sulfate and sclerostin will
result in a significantly higher concentration of the protein at
the surface of responsive cells, which may facilitate its regula-
tion of theWnt/�-catenin signaling pathway in amore spatially
controlled and temporally dependent manner. In addition,
heparan sulfate binding may ensure that this important regula-
tor of Wnt signaling in bone is retained in osseous tissue and
cannot down-regulate Wnt signaling systemically.
Identification of the Binding Site of an Antibody That Antag-

onizes the Inhibition of Wnt Signaling by Sclerostin—One of a
series of antibodies (Scl-AbI) raised against sclerostin was
found to block the protein inhibition of theWnt/�-catenin sig-
naling pathway in cell culture, as illustrated in Fig. 7A. Mice
treatedwith this antibody showed a significant increase in bone
mineral density (Fig. 7B), highlighting the role that sclerostin
plays in regulating bone formation. As described for heparin,
the location of the inhibitory antibody binding site on sclerostin
was mapped by following the changes in the positions of back-
bone amide NMR signals (15N and 1H) induced by the binding
of the Fab fragment of the inhibitory antibody. Examples of
significantly affected amide signals of sclerostin are highlighted
in the selected regions of 1H,15N HSQC spectra shown in Fig.
8A. The combinedminimal shift values for the backbone amide
signals versus protein sequence are shown in the histogram in
Fig. 8B, which indicates that the majority of the perturbed res-
idues are located within the flexible and solvent exposed loop 2
region of sclerostin (Fig. 8C). This clearly highlights an essential
role for the loop 2 region of sclerostin in perturbing Wnt sig-
naling. Comparison of the regions of sclerostin affected by hep-
arin and inhibitory Fab binding reveal little, if any, overlap in
the interaction sites, which supports the suggestion of heparin-
mediated localization to cell surfaces facilitating the inhibition
of Wnt signaling by sclerostin.
Conclusions—Sclerostin displays an interesting range of

structural features and properties, including highly flexible N-
andC-terminal arms, a well defined structured core involved in
heparin binding, and a semi-flexible loop involved in the inhi-
bition of Wnt signaling. The N- and C-terminal arms of the
protein show a similar level of sequence conservation to that
seen for the functional and structural regions determined by
this study, which strongly suggests one or more essential roles,
perhaps in stabilizing interactions with functional partners.
There is also a significant hydrophobic patch on the concave

face of the extended fingers formed by loops 1 and 3, whichmay
form a potential protein interaction site.
The identification of the loop 2 region of sclerostin as the

binding site for an antibody that modulates sclerostin function
clearly highlights its importance. This conclusion is further
supported by the identification of this region as the target site
for several other antibodies that block the inhibition of Wnt
signaling by sclerostin.4 The loop 2 region is fairly flexible in
solution, and theNMRdata are consistent with significant con-
formational variability; however, loop 2 region is likely to adopt
a well defined structure upon binding to functional partners.
Modulation of the essential biological functions of sclerostin in
bone may have therapeutic utility, and in this regard the struc-
tural work described here provides a firm foundation for
knowledge-based drug development.
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