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Abstract
Sclerostin (SOST) is a glycoprotein having many important functions in the regulation of bone formation as a key negative
regulator of Wnt signaling in bone. Surface plasmon resonance (SPR), which allows for a direct quantitative analysis of the labelfree molecular interactions in real-time, has been widely used for the biophysical characterization of glycosaminoglycan (GAG)protein interactions. In the present study, we report kinetics, structural analysis and the effects of physiological conditions (e.g.,
salt concentrations, Ca2+ and Zn2+concentrations) on the interactions between GAGs and recombinant human (rh) and recombinant mouse (rm) SOST using SPR. SPR results revealed that both SOSTs bind heparin with high affinity (rhSOST-heparin,
KD~36 nM and rmSOST-heparin, KD~77 nM) and the shortest oligosaccharide of heparin that effectively competes with full size
heparin for SOST binding is octadecasaccharide (18mer). This heparin binding protein also interacts with other highly sulfated
GAGs including, disulfated-dermatan sulfate and chondroitin sulfate E. In addition, liquid chromatography-mass spectrometry
was used to characterize the structure of sulfated GAGs that bound to SOST.
Keywords Surface plasmon resonance . Sclerostin . Glycosaminoglycans . Heparin . Interaction

Introduction
Secreted from bone dwelling osteocytes, sclerostin (SOST) is
a glycoprotein, which has important functions in the regulation
of bone formation as a key negative regulator of Wnt signaling
in bone [1, 2]. SOST reportedly interacts with a number of
proteins including bone morphogenetic proteins (BMPs)
-2, -4, -5, -6, -7 and low-density lipoprotein receptor-related
protein (LRP) -5 and -6 [3–5], which are co-receptors in Wnt
signaling system. These SOST involved interactions provide
the important mechanisms of bone growth and remodeling
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through the modulation of Wnt/β-catenin signaling [6].
SOST has attracted considerable interest as a target for therapeutics to treat bone diseases, such as osteoporosis and
sclerosteosis [1, 2]. SOST-specific antibodies have been developed and applied in animal studies resulting in significant
increases in bone formation, bone density and bone strength
[7] and a similar results were also reported in a human clinical
trial by administration of a SOST neutralizing antibody showing a dose-dependent increase in markers of bone formation
[8]. Romosozumab, a monoclonal anti-SOST antibody, has
been used in the treatment of women with a high risk of osteoporotic fracture [9] and it was recently approved as a new
drug from FDA in April 2019. SOST has also attracted researchers in the field of dentistry for the development of regenerative strategies with sclerostin as a target [10, 11].
Proteoglycans (PGs) are a family of biomacromolecules
with a core protein to which one or more glycosaminoglycan
(GAG) chains are covalently attached. Human bone cells produce a number of different PGs including, a large versicanlike PG, a heparan sulfate syndecan-like PG, as well as
biglycan (BGN) PG and decorin (DCN) PG [12, 13]. GAGs
are usually classified into four disctint groups: heparin/
heparan sulfate (HS), chondroitin sulfate/dermatan sulfate,
keratan sulfate and hyaluronic acid based on their disaccharide
backbones (Fig. 1). GAGs are key components of the bone
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Fig. 1 Chemical structures of
heparin, heparin-derived
oligosaccharides and GAGs

matrix and cell surface that modulate the bioavailability and
activity of various osteoclastic and osteogenic factors and play
crucial biochemical and mechanical roles. For example,
GAGs regulate the tissue-level hydration of bone, which affects the tissue-level toughness of bone (14). The reduction of
GAGs in bone matrix is reportedly one of the molecular origins for age-related deterioration of bone quality [14]. HS has
been shown to play key roles in the regulation of several
important signaling pathways through the localization of proteins to specific cell surfaces and by direct association in the
ligand-receptor interaction. The interaction between HS and
SOST reportedly results in a significantly higher concentration of the protein at the surface of responsive cells [1].
Mansouri et al. [15] reported that osteoblastic HS controls
bone remodeling by regulating Wnt signaling and the
crosstalk between bone surface and marrow cells. In
mucopolysaccharidosis type I, GAG accumulation and altered
interactions with growth factors are the main causes for bone
disease [16]. Chemically sulfated hyaluronic acid has been
shown to bind sclerostin and improve bone regeneration of
diabetic rats [17]. While these reports have provided a general
functional understanding of GAG-SOST interactions, there is
a lack of structural (i.e., GAG degree of sulfation and chain
length) and biophysical data on these interactions.
In this study, the kinetics of the interaction between SOST
and heparin (as a model GAG) was studied using a Biacore
SPR system. Competition studies between the heparin on the

chip surface and different GAGs in the solution phase were
conducted to determine the binding preferences of SOST to
GAGs. Similarly, competition studies with heparin-derived
oligosaccharides having different chain sizes and with different chemically modified heparins were conducted to determine the chain-size dependence and the effect of different
sulfo groups on sclerostin-heparin interactions. The effects
of salt concentrations and various salt species (Ca2+ and
Zn2+) on these interactions were also investigated. In addition,
liquid chromatography-mass spectrometry (LC-MS) was used
to characterize the structure of sulfated glycans that bound to
SOST. A detailed understanding of SOST and heparin/GAG
interaction at the molecular level is of fundamental importance
in the development of novel biomaterials for bone diseases.

Materials and methods
Materials
Recombinant human sclerostin (rhSOST) and mouse
sclerostin (rmSOST) were purchased from R&D Systems
(Minneapolis, MN). The GAGs used in this study were porcine intestinal heparin (average molecular weight, MWavg =
16 kDa) and porcine intestinal heparan sulfate (HS) (MWavg =
14 kDa) from Celsus Laboratories (Cincinnati, OH); chondroitin sulfate A (CSA, MWavg = 20 kDa) from porcine rib
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cartilage (Sigma, St. Louis, MO), chondroitin sulfate B
(CSB)/dermatan sulfate (DS, MWavg = 30 kDa) from porcine
intestine (Sigma), chondroitin sulfate C (CSC, MWavg =
20 kDa) from shark cartilage (Sigma), chondroitin sulfate D
(CSD, MWavg = 20 kDa) from whale cartilage (Seikagaku,
Tokyo, Japan) and chondroitin sulfate E (CSE, MWavg =
20 kDa) from squid cartilage (Seikagaku). Low molecular
weight heparin (LMWH, MWavg = ~6.5 kDa) and dermatan
disulfate (Dis-DS, MWavg = 33 kDa) were from Celsus
Laboratories (Cincinnati, OH). N-desulfated, N-acetylated
heparin (N-DeS HP, MWavg = 14 kDa) and 2-O-desulfated
heparin (2-DeS HP, MWavg = 13 kDa) were all prepared based
on Yates et al. [18]. A 6-O-desulfated heparin derivative (6DeS HP, MWavg = 13 kDa) was provided by Professor
L i a n c h u n Wa n g ( U n i v e r s i t y o f S o u t h F l o r i d a ) .
Polyacrylamide gel electrophoresis (PAGE) was applied to
determine the MWavg of each GAG using a standard composed of a mixture of oligosaccharides of known molecular
weight followed a protocol developed in our lab [19]. Heparin
oligosaccharides included tetrasaccharide (degree of polymerization (dp)4), hexasaccharide (dp6), octasaccharide (dp8),
decasaccharide (dp10), dodecasaccharide (dp12),
tetradecasaccharide (dp14), hexadecasaccharide (dp16) and
octadecasaccharide (dp18) and were prepared from porcine
intestinal heparin by controlled partial heparin lyase I treatment and followed by size fractionation. The chemical structures of these GAGs are shown in Fig. 1. Sensor SA chips
were from GE Healthcare (Uppsala, Sweden). SPR measurements were performed on a BIAcore 3000 operated using
BIAcore 3000 control and the sensorgarms were processed
using BIAevaluation software (version 4.0.1). Unsaturated
heparin/HS disaccharide standards (0S: ΔUA–GlcNAc; NS:
ΔUA–GlcNS; 6S: ΔUA–GlcNAc6S; 2S: ΔUA2S–GlcNAc;
NS2S: ΔUA2S–GlcNS; NS6S: ΔUA–GlcNS6S; 2S6S:
ΔUA2S–GlcNAc6S; TriS: ΔUA2S–GlcNS6S) were purchased from Iduron (Manchester, UK). Tributylamine was
purchased from Sigma. Ammonium acetate, acetic acid, water
and acetonitrile were of HPLC grade (Fisher Scientific,
Springfield, NJ). Microcon Centrifugal Filter Units YM-10
was obtained from Millipore (Bedford, MA, USA).
Escherichia coli expression and purification of the recombinant Flavobacterium heparinum heparin lyase I, II, III
(Enzyme Commission (EC) #s 4.2.2.7, 4.2.2.X, 4.2.2.8) were
prepared in our laboratory as previously described [20].

reaction for another 24 h. After complete the reaction, the
mixture was desalted with a spin column (3000 molecular
weight cut-off) and was freeze-dried for chip preparation.
The biotinylated heparin was immobilized to a streptavidin
(SA) chip based on the manufacturer’s protocol. In brief,
20 μL solution of the heparin-biotin conjugate (0.1 mg/mL)
in HBS-EP running buffer was injected over flow cell 2 (FC2)
of the SA chip at a flow rate of 10 μL/min. The successful
immobilization of heparin was confirmed by the observation
of a ~200 resonance unit (RU) increase in the sensor chip. The
control flow cell (FC1) was prepared by 1 min injection with
saturated biotin.

Preparation of heparin biochip

Solution competition study between heparin
on the chip surface and GAGs, chemically modified
heparin in solution using SPR

The preparation of biotinylated heparin was followed our previous protocol [21]. In brief, 200 μL of water, 2 mg of heparin
and 2 mg of amine–PEG 3 –Biotin (Thermo Scientific,
Waltham, MA) were mixed with 10 mg of NaCNBH3. The
initial reaction was carried at 70 °C for 24 h, and then a further
10 mg of NaCNBH3 was added to continue running the

Kinetic measurement of interaction between heparin
and SOST
Both rhSOST or rmSOST samples were diluted in HBS-EP
buffer (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005%
surfactant P20, pH 7.4). Different dilutions of these two protein samples were injected at a flow rate of 30 μL/min. At the
end of the sample injection, HBS-EP buffer was flowed over
the sensor surface to facilitate dissociation. After a 3 min dissociation time, the sensor surface was regenerated by injecting
with 30 μL of 0.5% SDS, then with 30 μL of 2 M NaCl to
obtain a fully regenerated surface. The response was monitored as a function of time (sensorgram) at 25 °C.

Solution competition study between heparin on chip
surface and heparin-derived oligosaccharides
in solution using SPR
Both rhSOST and rmSOST (2.5 nM) were individually mixed
with 100 nM of heparin oligosaccharides, including
tetrasaccharide (dp4), hexasaccharide (dp6), octasaccharide
(dp8), decasaccharide (dp10), dodecasaccharide (dp12),
tetradecasaccharide (dp14), hexadecasaccharide (dp16) and
octadecasaccharide (dp18) in HBS-EP buffer, and were
injected over the heparin chip each at a flow rate of 30 μL/
min. After each run, the dissociation and the regeneration
steps were performed as described above. For each set of
competition experiments on SPR, a control experiment (only
protein without any heparin or oligosaccharides) was performed to make sure the surface was completely regenerated
and that the results obtained between runs were comparable.

For the testing of inhibition of other GAGs and chemically
modified heparins to the SOST-heparin interaction, rhSOST or
rmSOST at a concentration of 5 nM was pre-mixed with
100 nM of GAG or chemically modified heparin and injected
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Measurement of the effects of physiological
conditions on the interaction between heparin
and SOST using SPR
Both rhSOST and rmSOST were individully diluted in HBS-P
buffer (0.01 M HEPES, 0.15 M NaCl, 0.005% surfactant P20,
pH 7.4). The rhSOST or rmSOST samples in buffers having
different physiological components (i.e., Na+ concentration,
Ca2+ and Zn 2+ concentration) were injected at a flow rate of
30 μL/min.

RU

600
500
400

Statistical analysis
Data are expressed as mean ± standard error (SE). Statistical
analysis was performed using Student’s t test in Prism 8
(GraphPad, San Diego, USA). All results (labeled *p < 0.05,
**p < 0.001) were considered statistically significant at *p <
0.05 versus control.

Results and discussion
Kinetic measurements of SOST-heparin interactions
Previous report showed that SOST is a heparin-binding protein (HBP) [1]. In the current study, we utilized SPR system to
measure the binding kinetics and affinity of SOST-heparin
interaction using a sensor chip with immobilized heparin.
Sensorgrams of SOST-heparin interaction are shown in
Fig. 2. The sensorgrams were fit globally to obtain association
rate constant (ka), dissociation rate constant (kd) and equilibrium dissociation constant (K D ) (Table 1) using the
BiaEvaluation software and assuming a 1:1 Langmuir model.
SPR analysis demonstrated that rhSOST and rmSOST bound
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Filter trapping of HS dp10 binding to SOST
and composition analysis using LC − MS.
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HS dp10 was prepared from porcine intestinal HS with partial
heparin lyase III degradation and followed by size fractionation with P10 column. The protocol of filter trapping of HS
dp10 with protein was followed our previous report [22]. In
brief, HS dp10 was mixed with SOST in buffer with 25 mM
Hepes and 150 mM NaCl (pH 7.4) and incubated at room
temperature for 1 h. The nonbinding oligosaccharides were
removed from the mixture using spin columns (MWCO of
10 kDa), which were washed three times with buffer. The
high-affinity oligosaccharides were subjected to disaccharide
compositional analysis using LC − MS [22].

a

700

R e s p . D if f .

over the heparin chip at a flow-rate of 30 μL/min. After each
run, a dissociation period and regeneration protocol was performed as previously described.
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Fig. 2 A: SPR sensorgrams of rhSOST-heparin interaction. B: SPR
sensorgrams of rmSOST-heparin interaction. Concentrations of rhSOST
or rmSOST (from top to bottom): 5, 2.5, 1.25, 0.63 and 0.32 nM, respectively. The black curves are the fitting curves using 1:1 Langmuir binding
model from BIAevaluate 4.0.1

to heparin in nanomolar affinity (rhSOST- heparin,
KD~36 nM and rmSOST-heparin, KD~77 nM). The small difference of binding kinetics between rhSOST-heparin and
rmSOST-heparin could be due the difference in protein sequence. Based on the amino acid alignment analysis using
the Basic Local Alignment Search Tool (BLAST), rhSOST
and rmSOST share 87.3% of similarity.

Table 1

Summary of kinetic data of sclerostin-heparin interactions*

Interaction

ka (1/MS)

kd (1/S)

KD (M)

rhSOST/Heparin

1.04 × 104
(± 461)
1.90 × 104
(± 819)

3.77 × 10−4
(±1.59 × 10−5)
1.46 × 10−3
(± 2.01 × 10−5)

3.62 × 10−8

rmSOST/Heparin

7.68 × 10−8

*The data with (±) in parentheses are the standard deviations (SD) from
global fitting of five injections
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Solution competition study on the interaction
between surface-bound heparin and SOST
to heparin-derived oligosaccharides in solution using
SPR

rmSOST showed a similar competition pattern as rhSOST in
this solution competition analysis. The variation of the SOST
binding showed in this competition experiment suggests that
the interaction between SOST and heparin is chain-length dependent and SOST prefers to bind long chain heparin (≥dp18).
It was reported that SOST molecule basically is linear, positively charged patch, which covers one entire side of the protein (1). Based on the computational model (1), the putative
heparin binding site on SOST covers over surface of ~52 Å in
length, which is comparable to the length expected for a 18mer heparin molecule (72 Å). Most of heparin-protein interactions are chain-length dependent, for example, the formation of
a ternary complex between AT, thrombin, and heparin requires
at least 18 saccharide units for efficient formation [23], but ATbased antifactor Xa activity requires only the pentasaccharidebinding site.

Solution/surface competition experiments were performed by
SPR to examine the effect of the saccharide chain size of heparin on the SOST-heparin interaction. Different size heparinderived oligosaccharides (from dp4 to dp18) were used in the
competition study. The same concentration (100 nM) of heparin oligosaccharides were mixed in the rhSOST (2.5 nM)/heparin interaction solution. Only small competition effect (<20%)
was observed when 100 nM of oligosaccharides (from dp 4 to
dp16), present in the protein solution. For the rest tested oligosaccharide (dp18), LMWH and full chain heparin, dramatically
decreased rhSOST binding signal was observed (Fig. 3). The
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Fig. 3 Bar graphs (based on
triplicate experiments with
standard deviation) of normalized
rhSOST or rmSOST binding
preference to surface heparin by
competing with different size of
heparin oligosaccharides in
solution. SOST concentration was
2.5 nM, and concentrations of
heparin oligosaccharides in
solution were 100 nM. A:
rhSOST, B: rmSOST (*p < 0.05,
**p < 0.001)
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SPR solution competition study of different chemical
modified heparins

langerlin-heparin, Robo1-heparin, TIMP3-heparin [22,
24, 25].

SPR bar graphs of the chemical modified heparin competition levels are shown in Fig. 4. The results demonstrate
that all the three chemical modified heparins (Ndesulfated, N-acetylated heparin, 2-O-desulfated heparin
and 6-O-desulfated heparin) giving reduced inhibitory activities. A much greater reduction in inhibitory activities
was observed for N-desulfated, N-acetylated heparin than
6-O-desulfated heparin or 2-O-desulfated heparin suggesting that the 2-O-sulfo and 6-O-sulfo groups on heparin
have less impact than the N-sulfo groups on the SOSTheparin interaction. Similar effects of sulfation pattern on
heparin/HS protein interactions were observed in our previous studies, including studies on the interactions of

SPR solution competition study of different GAGs
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Fig. 4 Bar graphs (based on
triplicate experiments with
standard deviation) of normalized
rhSOST or rmSOST binding
preference to surface heparin by
competing with different
chemical modified heparins in
solution. SOST concentration was
2.5 nM, and concentrations of
chemical modified heparins in
solution were 100 nM. A:
rhSOST, B: rmSOST (*p < 0.05,
**p < 0.001)

The SPR competition assay was also utilized to determine the
binding preference of SOST to various GAGs (Fig. 1). SPR
competition bar graphs of the GAG competition levels are shown
in Figs. 5. For both rhSOST and rmSOST, CSE and DiS-DS
produced inhibition by competing 50–60% of the SOST binding
to immobilized heparin on the chip surface. Weak or no inhibitory activities were observed for HS, CS-A, DS, CS-C and CSD. These data suggest that the binding interactions of SOST to
GAGs appear structure-dependent and highly influenced by the
level of GAG sulfation since heparin, CSE and DiS-DS have a
higher level of sulfation than the other GAGs tested.
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Fig. 5 Bar graphs (based on
triplicate experiments with
standard deviation) of normalized
rhSOST or rmSOST binding
preference to surface heparin by
competing with different GAGs
in solution. Sclerostin
concentration was 2.5 nM, and
concentrations of GAGs in
solution were 100 nM. A:
rhSOST, B: rmSOST (*p < 0.05,
**p < 0.001)
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The effects of salt concentrations on the interaction
between heparin and SOST
Binding buffers with different salt (NaCl) concentrations
(150 mM, as control, 300 mM, 500 mM and 1000 mM
NaCl) were used for the SPR analysis to assess the effect
of salt conditions on SOST-heparin interaction. The results
of SOST-heparin interaction in various NaCl concentration
are shown in Fig. 6 A and B. The results reveal that SOSTheparin interaction is very sensitive to NaCl concentration
and higher salt concentrations (0.3 M to 1 M NaCl) inhibit
all binding to heparin. The data suggests that SOSTheparin interaction is primarily an electrostatically driven
interaction.
The impact of Ca2+ and Zn2+ on SOST-heparin interaction
was also assessed. The SPR measurements on SOST-heparin
interaction were conducted through the addition of CaCl2 or

Heparin

CSB

CSC

CSD

CSE

Dis-DS

ZnCl2 at concentration of 0, 10, 100 and 1000 μM, respectively. The results (Figs. 6C and D) showed the SOST binding
to heparin was enhanced with addition of Ca2+ at 10 μM, 100
and 1000 μM concentrations of Ca2+ in different levels and
the highest binding promotion to heparin for rhSOST and
rmSOST was observed at 10 μM and 1000 μM of Ca2+ added.
The impact of Zn2+ on SOST-heparin interaction showed a
similar pattern to Ca2+, except SOST binding was reduced
on addition of 1000 μM Zn2+. The enhancement of SOST
binding to heparin with the addition of Ca2+/Zn2+ suggests
that SOST may be able to coordinate calcium impacting heparin binding, similar to the coordination found for the annexin
A2-heparin interaction [26]. Previous reports showed that
some divalent metal ions (e.g., Ca2+, Zn2+ and Cu2+) are necessary in many protein-heparin interactions, which affect the
binding affinity, specificity and stability of these complexes
[27–29].
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Fig. 6 SPR analysis of the effects of salt concentrations on the
interactions between heparin and SOST. The effect of salt (NaCl) concentration on the heparin-SOST interaction: A: rhSOST, B: rmSOST; The
effect of Ca2+ on heparin-SOST interaction with the addition of CaCl2 (0,

10, 100 and 1000 μM), C: rhSOST, D: rmSOST; The effect of Zn2+ on
heparin-SOST interaction with the addition of ZnCl2 (0, 10, 100 and
1000 μM), C: rhSOST, D: rmSOST (*p < 0.05, **p < 0.001)

Structural analysis on the specific oligosaccharides
binding to SOST

showed HS dp10 oligosaccharide with diversity of the disaccharide compositional structures is a good candidate for filter
trapping experiment [30]. The high-affinity oligosaccharides
caught by SOST were then subjected to disaccharide compositional analysis using LC-MS. These results showed the HS
dp10 that bound to both SOST was clearly enriched in NS and
6S disaccharide in comparison to the original HS dp10 but

A filter trapping experiment was conducted using SOST to
catch the preferred sequence from HS-derived oligosaccharides to further investigate the fine structural specificity of
heparin/HS for the SOST interaction. Our previous report
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contained a surprisingly reduced amount of tri-S disaccharide. These results partially agree with the SPR data showing the N-sulfation on heparin is important for the SOSTheparin interaction but suggest that possibly simply having
a high sulfation level was insufficient for tight binding
(Fig. 7).
In conclusion, SPR analysis shows that SOST is a
heparin-binding protein with high affinity, with heparin
binding to rhSOST with a KD~36 nM and to rmSOST with
a KD~77 nM. The SPR solution competition study demonstrates that SOST binding to heparin is chain length dependent and it prefers to bind full chain heparin or large oligosaccharides (dp18). Higher sulfation levels of GAGs
generally enhance their binding affinities, i.e., CSE and
Dis-DS showed high inhibitions to SOST-heparin interaction. N-sulfo and 6-O-sulfo groups on heparin are required
for the SOST-heparin interaction. The interactions are
greatly affected by the salt conditions NaCl concentrations,
and in particular by divalent cations Ca2+, and Zn2+. The
interaction studies and structural characterization conducted here should be useful for the development of GAG
based regenerative biomaterials and for understanding the
roles of SOST with it therapeutic applications.
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