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Sclerostin has been identified as a negative regulator of bone growth. Initially it was considered that Scle-
rostin performs its regulatory function via acting as a modulator of bone morphogenetic proteins (BMPs)
similar to known examples such as Noggin, Chordin, and members of the DAN family. Recent findings,
however, show that Sclerostin interferes with the Wnt signaling pathway due to binding to the Wnt
co-receptor LRP5 thereby modulating bone growth. As Sclerostin is exclusively produced by osteocytes
located in bones, neutralization of its bone-inhibiting functions makes it a highly interesting target for
an osteoanabolic therapeutic approach in diseases characterized by bone loss, such as osteoporosis.
Despite the huge interest in Sclerostin inhibitors the molecular basis of its function and its interaction
with components of the Wnt signaling cascade has remained unclear. Here, we present the NMR struc-
ture of murine Sclerostin providing the first insights how Sclerostin might bind to LRP5.

� 2009 Elsevier Inc. All rights reserved.
The bone mass disorders Sclerosteosis and van Buchem disease
are two rare but severe inherited disorders characterized by a phe-
notype of progressive bone thickening due to massively increased
bone formation [1,2]. Both autosomal recessive diseases are caused
by inactivating mutations in the SOST gene. Whereas in Scleroste-
osis missense mutations in the coding region were identified, a
deletion in an enhancer region downstream of the SOST gene is
causative for the van Buchem disease [3,4]. The SOST gene encodes
for the secreted protein Sclerostin (SOST) [5]. One feature of the
protein is the presence of a cystin-knot motif, which allocates SOST
into the DAN family. This family comprises several members, e.g.
Gremlin, DAN, Cerberus, which have been described as BMP and/
or TGF-b antagonists. However, amino acid similarity of SOST to
the members of the DAN family is rather limited. The expression
of SOST in the adult organism is restricted to the bones, where
SOST is expressed and secreted by osteocytes and acts as a negative
regulator of osteoblast development and bone formation [6–9].
Early studies proposed SOST might act as a direct BMP antagonist
[8], however, accumulating evidence suggests Sclerostin as a mod-
ulator of the canonical Wnt signaling pathway. SOST binds to the
Wnt co-receptor LRP5/6 thereby inhibiting Wnt signaling [10,11].
Conformingly mutations in the lrp5 gene causing the High Bone
Mass phenotype, which is similar to the phenotype of Sclerosteosis
and van Buchem disease, show decreased binding to SOST [12,13].
ll rights reserved.

e (T.D. Mueller).
Inhibition of Sclerostin should lead to increased bone density
making SOST a perfect drug target for the development of an osteo-
anabolic therapeutic agent against osteoporosis [14]. This is
encouraged by the recently published data on the SOST knock out
mouse [15], which has increased bone mass, while having normal
skeletal morphology. Structure/function analysis of Sclerostin will
certainly facilitate development of such SOST inhibitors. In this
study we present the structure of murine Sclerostin by solution
NMR spectroscopy revealing that only the cystin-knot motif is
structured. Functional assays confirm that the flexible termini are
dispensable for SOST mediated Wnt3a inhibition.

Materials and methods

Recombinant protein expression and purification

Expression and purification in insect cells. Full-length murine
SOST was cloned into the pBAC3 vector (Invitrogen) for expression
in Sf9 insect cells. The construct consists of a gp64 signal sequence
followed by thrombin-cleavable His6 tag. Sf9 cells and Triex (Nova-
gen) insect cells were cultured in IPL41 Medium (CloneTech) sup-
plemented with 5% FCS (v/v) and 100 U/ml penicillin G, 100 lg/ml
streptomycin at 27 �C. Recombinant baculovirus were produced by
co-transfection of the transfer plasmid with linearized Bac3000
virus DNA (Novagen) according to manufacturer’s protocol. For
expression cells were transfected using a MOI of 5 and were subse-
quently cultivated for 4 days at 27 �C. The protein was captured by
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metal ion affinity chromatography using Ni2+–NTA as resin (Qia-
gen). Final purification was performed by cation exchange chroma-
tography using CM Sepharose (GE Healthcare). Sclerostin was
eluted using a linear gradient 0–1 M NaCl in 10 mM Hepes, pH 7.5.

Expression and purification in Escherichia coli. Full-length murine
Sclerostin (mSOST) and truncated variants (mSOSTDC,
mSOSTDNC) were cloned into the vector pET28b (Novagen).
mSOSTDC comprises Gln1 to Arg144 and the variant mSOSTDNC
consists of Asn36 to Arg144. All expression constructs consisted of
the N-terminal His6-tag followed by a thrombin cleavage site. Pro-
tein expression was performed using the E. coli strain Rosetta(DE3).
Cells were grown at 37 �C to an OD600 of 0.6, expression was in-
duced for 3 h by addition of 1 mM IPTG. Cells were harvested by
centrifugation and lysed by sonification. Sclerostin was expressed
in inclusion bodies, which were solubilized using 6 M guanidi-
um–hydrochloride, 100 mM NaH2PO4, 10 mM Tris, pH 8.0, and 1/
1000 (v/v) b-mercaptoethanol. The protein solution was concen-
trated to 20 mg/ml and refolding was performed by rapid dilution
1:100 into 2 M LiCl, 50 mM Tris, pH 8.0, 30 mM Chaps, 500 mM
Arginine, 2 mM GSH, 1 mM GSSG. After refolding for 5 days at
4 �C, the refolded mSOST was purified by cation exchange chroma-
tography using CM sepharose (GE Healthcare) as described above.
Final purification was performed by reversed-phase HPLC (gradient
0.1% TFA in H2O–100% Acetonitrile) using a C8 column (Macherey
Nagel).

15N-labeled and 15N-/13C-doubly labeled proteins were pro-
duced by expressing mSOST and variants thereof in M9 minimal
medium supplemented with 0.5 g/L 15NH4Cl and 4 g/L 13C6-glu-
cose. For NMR studies, the N-terminal His6-tag was cleaved using
biotinylated 0.1 U/mg Thrombin (Novagen) and removing the pro-
tease subsequently by streptavidin agarose.

Cell culture and Wnt-reporter gene assay. HEK293TSA, L-mWnt3a
cells (CRL-2647, ATCC), and L-cells (control cells) (CRL-2648, ATCC)
were cultured at 37 �C and 5% CO2 in DMEM (Invitrogen) contain-
ing 10% (v/v) FCS, 100 U/ml penicillin G, 100 lg/ml streptomycin
(Invitrogen) and for L-mWnt3a expressing cells 0.4 lg/ml G418
sulphate (BioWest) was added. mWnt3a-conditioned and control
media were produced according to the manufacturer’s protocol.

HEK293TSA cells were seeded at a density of 1 � 105 cells/ml
using a 24-well plate. After 24 h cells were transfected with
50 ng pSV b-Gal (Promega), 200 ng M50 Super8xTopFlash [16]
(provided by Randall Moon) and 150 ng pEF6V5HisB (Invitrogen)
using HEKFectin (Bio-Rad) according to manufacturer’s protocol.
After 24 h mSOST or variant proteins were added in different con-
centrations and 10% (v/v) of mWnt3a-conditioned or control med-
ium was added. The cells were incubated for 24 h, the medium was
removed and cells were lysed. b-Galactosidase activity was deter-
mined by o-nitrophenol-galactopyranoside conversion at 405 nm
and luciferase activity was measured using the Promega luciferase
assay kit. Experiments were conducted as duplicates.

NMR data acquisition and structure analysis. For NMR analysis
mSOST proteins were dissolved at concentrations from 0.6 to
1 mM in 20 mM KH2PO4, pH 6.0, 50 mM NaCl, 5% (v/v) D2O, 0.2%
(w/v) NaN3. NMR data were acquired at 27 �C employing Bruker
Advance spectrometer operating at 600, 750, and 900 MHz proton
frequencies and using triple-resonance, single-axis gradient cryop-
robes. Data were processed using XwinNMR or TopSpin software,
data analysis was performed using Aurelia (Bruker).

Backbone sequential assignments were obtained using a set of
triple resonance experiments, i.e. CBCA(CO)NH, CBCANNH, HBHA(-
CO)NH, HN(CA)CO, and HNCO [17]. Side chain assignments were
obtained from H(C)(CO)NH-TOCSY, C(CH)(CO)NH-TOCSY experi-
ments and two 13C-edited experiments, HCCH-TOCSY, and HCCH-
COSY [17]. Assignments for aromatic side chains were made in a
2D-NOESY spectrum. Complete resonance assignments could be
obtained for 91 out of 113 residues, while the remaining residues
could be assigned at least partially.

Distance data were derived from three heteronuclear 3D-
NOESY spectra, including 15N- and 13C-HSQC-NOESY spectra
and several 2D-NOESY spectra from different samples and field
strength. NOESY crosspeaks were converted into distance ranges
being divided into three classes, very strong, medium, and weak,
resulting in restraints on upper distances of 2.5, 3.5, and 5.0 Å,
respectively. Additional upper limit boundaries for the use of
pseudo-atoms were added for methyl groups, aromatic ring pro-
tons and methylene protons with degenerate chemical shifts.
Dihedral angle restraints were derived for backbone u and w an-
gles based on Ca, Cb, C’, and Ha chemical shifts using the pro-
gram TALOS [18].

Structure calculation was performed using XPLOR (NIH version
2.21) [19]. Structures were calculated employing a simulated
annealing protocol. For the final coordinate ensemble, 100 struc-
tures were calculated of which 15 were chosen on the basis of low-
est restraint violations. To obtain insights into the inherent
flexibility of Sclerostin steady-state 1H{15N}-heteronuclear NOE
were measured at 27 �C and 600 MHz using proton saturation time
of 3 s and a relaxation delay of 2 s. For the experiment without pro-
ton saturation the frequency was shifted to off-resonance.

Results and discussion

N- and C-termini of Sclerostin are flexible

We initially prepared full-length murine Sclerostin (mSOST) in
Sf9 cells (Fig. 1A). The protein comprising Gln1 to Tyr188 could be
obtained from the supernatant of Sf9 cells. Staining via the Periodic
Schiff Acid method confirmed the presence of glycosylation; mass
spectrometry subsequently showed both N-glycosylation sites,
Asn28 and Asn150, to be linked to carbohydrates. Storage of full-
length mSOST over several weeks at 4 �C resulted in partial prote-
olysis although the protein solution had a purity of P95%. Thus
residual protease activity cleaves mSOST indicating the presence
of flexible regions. The largest fragment showed an apparent
molecular weight of roughly 10–12 kDa in a SDS–PAGE analysis
(Fig. 1B). Mass spectrometry gave a molecular weight of
10,254 Da, which corresponds to a fragment comprising Glu52 to
Cys142. To test whether only the cystin-knot contains a rigid struc-
ture, we expressed a C-terminally truncated version of mSOST
(mSOSTDC: Gln1 to Arg144) in insect cells. This variant exhibits
wildtype-like activity in a reporter gene assay measuring SOST-
mediated Wnt3a inhibition indicating that the C-terminus is dis-
pensable for activity. We further truncated mSOSTDC by cleaving
the protein by endopeptidase GluC. The resulting protein had a
molecular weight of 12,266 Da as determined by ESI-FT-ICR mass
spectrometry and comprised Asn36 to Arg144 (for further details
regarding mass spectrometry analyses see Supplementary Fig. 1).
The N- and C-terminally shortened mSOST still showed activity
in the reporter gene assay although the IC50 shifted to slightly ele-
vated concentrations (Data not shown).

Bacterial expression of mSOST for structure analysis

For structure analysis of Sclerostin we expressed mSOST in
E. coli. Due to Sclerostin containing eight cysteines, which form
four disulfides, soluble bacterial expression of mSOST seems diffi-
cult. We thus produced mSOST by expression into inclusion bodies
and subsequent refolding. Murine SOST and the variants mSOSTDC
and mSOSTDNC (Fig. 1A) could be nevertheless prepared in suffi-
cient yields and purified to homogeneity (Fig. 1C). The full-length
mSOST proteins derived from insect cells and bacteria exhibit iden-
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tical bioactivities (Fig. 1D and E). The N- and C-terminally short-
ened mSOSTDNC, however, shows a slightly reduced activity indi-
cating a possible requirement of the N-terminus of mSOST for
maximal activity (Fig. 1E). To additionally test our hypothesis that
the N- and C-terminus are highly flexible and unstructured we
compared the 2D 1H–15N HSQC spectra of uniformly 15N-labeled
full-length mSOST and mSOSTDNC. Residues located in the termini
of mSOST exhibit amide proton chemical shift values between 7.5
and 8.5 ppm indicative for random coil conformation (Supplemen-
tary Fig. 2).

Overall architecture of Sclerostin

We determined the structure of the smallest construct termed
mSOSTDNC comprising Asn36 to Arg144. Several residues showed
broad NMR signals indicating flexibility on a slow-to-intermedi-
ate NMR time scale. Interestingly, many of these residues are
part of or close to the cystin-knot suggesting that the knot is
flexible to some degree. NOEs between backbone amide and
Ha protons indicate two antiparallel b-sheet like structures run-
ning from His59 to Leu78, now termed finger 1, and from Asp112

to Cys140 now referred to as finger 2. Whereas in finger 1 the
interstrand NOE pattern is less regular and is disrupted between
Thr61-Arg62 and Lys73-Pro74, the NOEs in finger 2 suggest a reg-
ular antiparallel b-sheet. The region between residue Gly85 and
Phe107, termed loop, does not show a NOE pattern consistent
with any typical secondary structure. Similarly only intraresidue
and sequential NOEs are observed for the N-terminus (Asn36 to
Lys48) suggesting that the shortened N-terminus of mSOSTDNC
is still flexible and likely disordered. The deviations of the 13C
chemical shift of the Ca, Cb, and carbonyl atoms from random
coil values confirm this secondary structure analysis (Supple-
mentary Fig. 3) [20,21].
NMR structure of mSclerostin

Thousand hundred and forty-three NOE-derived distance con-
straints were obtained from 2D- and heteronuclear 3D-NOESY
spectra. Together with dihedral angle restraints for 87 residues de-
rived from TALOS and Ca and Cb carbon chemical shift restraints
100 structures were calculated of which 15 were selected on the
basis of restraint violations and total energy (Supplementary Table
1). None of the structures exhibits systematic NOE restraint viola-
tions larger than 0.2 Å. The calculation reveals an extended struc-
ture with three ‘‘loops” emanating from the central cystin-knot
(Cys55-Cys109, Cys80-Cys140, and Cys84-Cys142) (Fig. 2). Fingers 1
and 2 continue into the same direction from the knot and form
an all-antiparallel b-sheet (Supplementary Fig. 4). The loop com-
prising residues Gly85 to Phe107 runs into the opposite direction
and does not exhibit any regular secondary structure. A structure
superposition shows that fingers 1 and 2 form the structured
‘‘core” of SOST exhibiting a rms deviation of about 0.7 Å for the
backbone atoms (Supplementary Table 1). Finger 1 contains two
short b-sheets, with b-strand 1 comprising His59 to Tyr60 and being
antiparallel to b-strand 4 (Glu77 and Leu78). The second b-sheet is
located at the tip of finger 1 with b-strand 2 running from Thr65

to Asp66 and strand b3 from Cys69 to Arg70. In finger 2 a long
two-stranded sheet is formed with b-strand 5 running from
Arg113 to Cys123, the last two residues forming an antiparallel sheet
with b-strand 3, and b-strand 6 composed of residues Arg130 to
Ser139. The disulfide between Cys69 (b-strand 3) and Cys123 (b-
strand 5) connects both fingers thereby restraining the conforma-
tional flexibility.

Structural alignment using the residues of fingers 1 and 2
(Fig. 2) suggests that the loop is completely disordered, however,
local fitting of residues Asn92 to Trp100 shows that the loop tip
can adopt a partially ordered structure (Supplementary Fig. 5).



Fig. 2. (A) Stereoview of the backbone trace of 15 structures of mSOST superimposed on the Ca-atoms of residues 57–78 and 114–138. (B) Stereoview of a ribbon
representation of a representative structure of the NMR ensemble. The secondary structure elements are indicated (see main text), the disulfide linkages are shown as sticks.
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To ensure that the flexibility seen in mSOST is not due to an
artificial lack of NOEs we measured 1H{15N}-heteronuclear NOEs
to determine flexibility directly (Fig. 3). The results confirm that
the loop is less ordered and flexible, as all residues in this loop
exhibit considerably smaller 1H{15N}-NOEs compared to residues
of the fingers. Similarly residues in the N-terminus also show
smaller hetero-NOEs confirming that the terminus is highly
dynamical.

A comparison of the mSOST structure using TOPMATCH [22] re-
veals very limited structural homology to other proteins. Due to
the Structural restraints structures containing a cystin knot share
a common architecture [23]. Thus structural homology is observed
with BMP and Activin monomeric subunits (Supplementary Fig 6).
However, the differences between the Ca-atom positions of BMPs
and mSOST are large. Compared to BMPs, the cystin-knot of mSOST
seems to exhibit a less rigid structure, possibly due to the differ-
ences in the flanking b-strand structures. In BMPs the residues C-
terminal of the first knot cysteine are embedded in a regular b-
sheet, the first two residues C-terminal of Cys55, Arg56 and Glu57,
in mSOST, however, bulge out and do not form a regular b-sheet.
Similarly, the structural equivalent of the mSOST loop in BMPs is
the helix a1, which is embedded in the interdimer interface lead-
ing to stabilization of the cystin-knot. The highest structural simi-
larity can be observed between SOST and the b-chain of the human
chorionic gonadotropin (hCG). hCG, however, forms a non-cova-
lently linked heterodimer consisting of an a- and b-chain, with
the b-chain sharing a similar cysteine pattern and disulfide linkage
with SOST (Supplementary Fig. 7).

Conclusion

Since the interaction of SOST and BMPs is currently under de-
bate [7], the Wnt co-receptor LRP5 is so far the only confirmed
interaction partner of SOST [10,11]. Although no complex structure
of SOST bound to LRP5 is currently available, the structure of
mSOST now provides a first possible interaction model. One hall-
mark of SOST is the high abundance of positively charged residues
(34 Arg and Lys residues) resulting in a rather basic protein (pIcalc

9.6). The putative binding site of SOST on LRP5 is predicted in the
first b-propeller due to mutations causing the High Bone Mass phe-
notype [13], which is highly similar to the SOST knockout pheno-
type [15]. Interestingly calculation of the electrostatic potential
of SOST and LRP5 propeller 1 shows a remarkable complementary
charge distribution with the putative binding site on LRP5 being
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highly negatively charged and especially finger 2 of SOST exhibit-
ing a strong positive electrostatic potential (Fig. 4). This observa-
tion suggests that finger 2 of SOST is the possible site of
Fig. 4. (A) Electrostatic potential mapped onto the van der Waals surface of mSOST. Dar
mark negatively charged regions exhibiting an electrostatic potential of �5kT/e. The poten
NaCl and the AMBER forcefield for protonation. (B) Electrostatic potential map analysis
derived from Swiss-model, the calculation was performed as above. Residues in LRP5 m
interaction with LRP5, further functional analyses using the now
available structure for guidance are, however, required to test this
hypothesis.
k blue areas indicate a strongly positively charge potential at 5kT/e, dark red areas
tials were calculated using the software APBS employing an ionic strength of 0.15 M
for the first propeller domain of human LRP5. The structure model for LRP5 was

utated in diseases causing High Bone Mass are indicated.
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