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ABSTRACT 

 

Structural study of the mechanism of Wnt 

signaling inhibition by sclerostin 
 

 

Jinuk Kim 

School of Biological Sciences 

The Graduate School 

Seoul National University 

 

Wnt signaling plays an important role in embryonic development, morphogenesis, 

and bone homeostasis. Wnt ligands bind to Frizzled receptors to induce several 

signal pathways. In particular, the low-density lipoprotein receptor-related protein 6 

(LRP6) co-receptor is an essential participant in the β-catenin-dependent Wnt 

signaling pathway. The LRP6 ectodomain binds Wnt proteins as well as Wnt 

inhibitors such as sclerostin (SOST), which negatively regulates Wnt signaling in 

osteoblasts. SOST is thereby responsible for maintaining bone homeostasis by 

inhibiting osteoblast differentiation. Since a strategy to suppress SOST was proposed 

as a new method of osteoporosis treatment, structural studies have become 
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increasingly important. Although LRP6 ectodomain 1 (E1) is known to interact with 

SOST, several unresolved questions remain, such as why SOST binds to LRP6 E1E2 

with higher affinity than to the E1 domain alone. Here, I show the crystal structure 

of the LRP6 E1E2–SOST complex with two interaction sites in tandem. An 

unexpected additional binding site was identified between the C-terminus of SOST 

and the LRP6 E2 domain. This novel interaction was confirmed by microscale 

thermophoresis (MST)-based in vitro binding and cell-based Wnt signaling assays, 

and its functional significance was further demonstrated in vivo using Xenopus laevis 

embryos. Together, my results provide insights into the mechanisms underlying the 

SOST inhibition of Wnt signaling. Additionally, an advanced model of bone 

homeostasis regulation was established. 

 

...................................................................................................................................... 

Keywords : Wnt signaling, Low-density lipoprotein receptor-related protein 6 

(LRP6), Sclerostin, X-ray crystallography 
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1.1. BACKGROUND  

1.1.1. Cell signaling and structural biology 

Cell signaling studies have shown the methods by which cells sense and respond to 

internal and external signals, mainly via interactions between ligands and receptors. 

Inadequate signaling regulation caused by gene mutation, infection, aging, and other 

factors is closely related to developmental disorders, tumor formation, and 

degenerative diseases. Knowledge of many signaling pathway mechanisms has been 

established by introducing mutations into model organisms and observing the 

phenotypic and biochemical changes, and key biomolecules and their mechanisms 

have been revealed. In many cases, protein synthesis and degradation, 

phosphorylation, conformational changes, and protein-protein interactions play 

major roles in signal transduction. The structural study of proteins at the molecular 

level is a key methodology for describing protein-protein interactions, allowing a 

more accurate interpretation of cellular signaling mechanisms and important bases 

for structure-based modulator designs. In other words, the structural study of 

proteins is an indispensable field for cell signaling research. For this reason, I focus 

on structural studies of proteins involved in the Wnt signaling.  

 

1.1.2. Wnt signaling 

Wnt is a secreted protein discovered during tumorigenic studies in mice in 1982 and 

is well conserved in all animals, including fruit flies and humans (Nusse and Varmus, 

1982, 1992). In humans, 19 kinds of Wnt proteins and 10 kinds of Frizzled 

membrane protein receptors exist, and in addition, various co-receptors such as 
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LRP6 and ROR form promiscuous interactions with each other (Clevers, 2006). The 

precise temporal and spatial regulation of Wnt signaling produces various functions 

such as development, segmentation, organogenesis, and cellular homeostasis. Due 

to this complexity and wide range of actions, Wnt signaling malfunctions 

accompany many diseases such as cancer (Gurney et al., 2012). In order to treat this, 

research on the mechanism of modulators and search for targeted therapy are being 

actively conducted (MacDonald and He, 2012).  

In particular, combinations of specific Wnt and Frizzled receptors and co-

receptors favor specific sub-signaling pathways (Fig 1). Typically, WNT1, WNT3A, 

and WNT8 form a triple complex with the specific seven transmembrane receptor 

Frizzled (Frd) group and the co-receptor LDL receptor-related proteins 5 and 6 

(LRP5/6) to induce β-catenin-dependent signaling (Cong et al., 2004). Wnt5 and 

Wnt11 are involved in planar cell polarity (PCP) signaling through the involvement 

of specific Fzd and co-receptor receptor Tyr kinase-like orphan receptor 1 and 2 

(ROR1/2) (Veeman et al., 2003). Wnt can be classified according to the sub-path as 

above, but in general, even the same Wnt may have different sub-paths depending 

on the cell type and development stage (Kikuchi et al., 2011). As previously seen, 

the fact that Wnt signaling is involved in the occurrence of diseases such as colon 

cancer suggests that symptomatic treatment can be possible by controlling this 

signaling. Recently, researches are underway to find small molecules that can control 

Wnt signaling through high throughput screening techniques and apply them 

pharmacologically (Aros et al., 2020). 
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This figure is taken from the Baron and Kneissel (2013) 

Figure 1. Schematic diagram of Wnt signaling 

 

The Wnt ligand activates canonical Wnt signaling by forming a ternary complex 

with the Fzd receptor and the LRP5/6 co-receptor. This activated signaling stabilizes 

β-catenin and induces target gene expressions. In another pathway, Wnt5a typically 

mediates non-canonical Wnt signaling by interacting with ROR2 or RYK co-

receptors. Various types of modulators such as SOST, DKK1, SFRP and WIF can 

inhibit Wnt signaling by interacting with Wnt ligand or co-receptors (Baron and 

Kneissel, 2013). 
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1.1.3. Co-receptor LRP6 and Sclerostin 

Low-density Low-density lipoprotein (LDL) receptor-related protein 5/6 (LRP5/6) 

is an essential coreceptor of the canonical Wnt signaling pathway. As a member of 

the LDL receptor family, LRP6 is a single-pass transmembrane protein with a large 

extracellular domain (ECD) consisting of four repeating units (E1, E2, E3, and E4), 

each of which has a YWTD β-propeller domain flanked by an epidermal growth 

factor (EGF)-like domain (Fig. 2). The ECD of LRP5/6 is an important regulatory 

site for Wnt signaling (Cheng et al., 2011). It provides at least two independent 

binding sites for Wnt ligands, as supported by the observed simultaneous binding of 

Wnt3a and Wnt9b to the LRP6 ECD (Bourhis et al., 2010). Although structural 

information regarding the Wnt–LRP6 complex is yet to be determined, biochemical 

studies have shown that Wnt3a and Wnt9b interact with LRP6 E3E4 and E1E2, 

respectively, with KD values in the range of 10–100 nM (Bourhis et al., 2010). In 

addition to Wnts, various Wnt signaling inhibitors, including Dickkopf-1 (DKK1), 

sclerostin (SOST), and sclerostin domain-containing protein 1 (SOSTDC1, also 

called as WISE), are known to bind to LRP6 ECD (Ahn et al., 2011; Lintern et al., 

2009; Semenov et al., 2005). 

First identified in patients suffering from sclerosteosis, SOST is a secreted 

glycoprotein that is predominantly expressed in osteocytes (Balemans et al., 2001; 

Brunkow et al., 2001). SOST inhibits new bone formation and growth by binding to 

LRP5/6, thereby inhibiting canonical Wnt signaling in osteoblasts (Semenov et al., 

2005; Winkler et al., 2003). Sclerosteosis, caused by defects in the SOST gene, is 

characterized by abnormally high bone mass (Brunkow et al., 2001). This high bone 

density phenotype was also observed in SOST-null mice (Li et al., 2008). This 



13 

 

phenotypic characterization makes SOST a compelling therapeutic target for 

osteoporosis (Semenov and He, 2006).  

Structural analysis of SOST using nuclear magnetic resonance (NMR) 

spectroscopy showed that it forms a core cystine-knot structure with three loops, 

flanked by highly flexible N- and C-terminal domains (Fig. 3A) (Veverka et al., 

2009). Unlike most cystine-knot family members, which form homodimers or 

heterodimers (such as BMP-7 and noggin), SOST may function as a monomer 

(Nolan et al., 2013). 
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figure 2B is taken from the Matoba et al. (2013) 

 

Figure 2. Crystal structure and overall conformation of LRP6 ectodomains 

(A) Crystal structure of LRP6 extracellular domain E1E2 (PDB ID: 3S94, green) 

and E3E4 (PDB ID: 3S8Z, blue). Each domain has a six-bladed propellers structure, 

showing high structural similarity. 

(B) LRP6 extracellular domain observed by negative staining electron microscopy. 

LRP6 E1E2 and LRP6 E3E4 are connected by flexible hinges, so they can have 

various conformations (Matoba et al., 2017).  
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Figure 3. Structural information of the previously revealed SOST 

(A) One representative NMR solution structure of SOST (PDB ID: 2K8P). N-

terminus, C-terminus and loop2 (indicated by red arrow) regions have a flexible 

structure around cysteine knot motif core.  

(B) Crystal structure of LRP6 E1 – SOST loop2 peptide complex (PDB ID : 3SOV). 

SOST loop2 peptide (purple) is bound to the LRP6 E1 propeller domain face.  
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1.2. PURPOSE OF THIS STUDY 

1.2.1. Limitation of previous research 

The LRP6-interaction site on SOST was mapped to the NXI motif in loop 2 using 

NMR spectroscopy, which was later confirmed by the crystal structure of SOST loop 

2 peptide-bound LRP6 E1 (Fig. 2B) (Bourhis et al., 2011). Although clear evidence 

indicates that the SOST loop 2 region serves as the primary interaction site with 

LRP6 E1, previous data raised the possibility that an additional interaction site exists 

between SOST and LRP6. For example, the IC50 of the SOST loop 2 peptide, 

measured by Förster resonance energy transfer (FRET) and enzyme-linked 

immunosorbent assay (ELISA) analyses, is remarkably large (14–21 μM) (Bourhis 

et al., 2011; Holdsworth et al., 2012), considering that the KD value of full-length 

SOST for LRP6 E1E2 was determined as 6.8 nM using biolayer interferometry 

(Bourhis et al., 2011). In addition, LRP6 E1 bound SOST with an approximately 10-

fold lower affinity than LRP6 E1E2 (Bourhis et al., 2011). To determine whether any 

region of SOST other than loop 2 participates in the interaction with LRP6, I 

performed structural, functional, and biochemical analyses of SOST.  

 

1.2.2. Significance and application 

The crystal structure of a complex between LRP6 E1E2 and SOSTtr177 (a C-terminal 

37-amino acid truncation mutant of SOST) suggests that the C-terminal region of 

SOST could contribute to LRP6 binding. The functional significance of this 

additional binding site was confirmed through TopFlash assays, binding affinity 

measurements, and in vivo experiments using X. laevis embryos. Collectively, my 

data show that loop 2 and the C-terminal tail (C-tail) of SOST participate in LRP6 
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binding, bringing a new perspective to the inhibitory mechanism of SOST in LRP6-

mediated Wnt signaling.  

Osteoporosis, in which bone density decreases, causes patients to be 

susceptible to fractures. Therefore, even a small impact can cause serious damage to 

the hip joint and vertebrae (Tu et al., 2018). Traditionally, treatment with a bone 

resorption inhibitor, such as bisphosphonate, that inhibits osteoclasts can reduce the 

incidence of fractures. However, long-term administration results in poor efficacy, 

and side effects such as jaw bone necrosis have been reported (Khosla and Hofbauer, 

2017). The development of an osteoblast-activating agent for stimulating bone 

formation has since progressed, and calcium signaling and BMP signaling, which 

are involved in bone formation, have become targets for drug development (Jing et 

al., 2016). Amgen developed a monoclonal antibody targeting SOST that binds to 

LRP6 and inhibits Wnt signaling in osteoblasts. The antibody therapy was approved 

by the FDA in 2019 and exhibits improved bone-formation-promoting effects 

(Chavassieux et al., 2019b; Kabsch, 2010; MacNabb et al., 2016; Padhi et al., 2011a). 

This SOST structural and functional study will help in the development of new drugs 

with fewer side effects.  
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2.1. Protein expression and purification 

Genes encoding human LRP6 E1E2 (P21–P630) with a C-terminal 10 His tag and 

human SOSTtr177 (Q24–S177) with a cleavable N-terminal His6-MBP tag were 

cloned into a pAcUW51 dual vector (BD Biosciences) for co-expression in High 

Five™ insect cells (BTI-TN-5B1-4). Seventy-two hours after viral infection, the 

supernatant (containing LRP6 and SOST) was collected, filtered, and loaded onto a 

Ni-NTA agarose resin (Qiagen). After column washing, bound proteins were eluted 

with elution buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 300 mM imidazole). To 

remove the His6-MBP tag, HRV3C protease was added to the eluted sample, and the 

mixture was incubated overnight at 4℃. Following cleavage, the reaction mixture 

was loaded onto a HiTrapQ column (GE Healthcare), and the LRP6 E1E2–SOSTtr177 

complex was eluted with a linear NaCl gradient. The eluates were further purified 

with a size exclusion chromatography (SEC) Superdex 200 column (GE Healthcare) 

that was pre-equilibrated with 25 mM Tris (pH 8.5) and 200 mM NaCl. Fractions 

containing the LRP6 E1E2–SOSTtr177 complex were pooled and concentrated to 3.6 

mg/ml for crystallization. 

For affinity measurements, all constructs (including human LRP6 E1E2, 

LRP6 E1 with a C-terminal 10 His tag, and human WT SOST and SOST mutants 

with an N-terminal His6-SUMO tag or N-terminal His6-MBP tag) were cloned into 

the pAcGP67A vector (BD Biosciences) (Fig. 4). Each construct was expressed in 

High Five™ cells and purified similarly as described above, except that no cleavage 

reaction with HRV 3C protease was performed. All purified proteins were 

concentrated to ~ 1 mg/ml and diluted to the appropriate concentration before use. 



20 

 

 

Figure 4. Construct design of the LRP6 and SOST 

 

Schematic representations of the (A) LRP6 and (B) SOST constructs. SP; signal 

peptide, P; β-propeller domain, EGF; epidermal growth factor-like domain, LA; 

LDLR type-A repeats, TM; transmembrane domain, CTD; C-terminal domain, CK; 

cystine-knot domain. The amino acid residues interacting with LRP6 E1 in the 

SOST-loop 2 region are shown in dark green. The SOST C-terminal tail sequences 

including HNQS (purple) and the basic-residue clusters (blue) are also shown (Kim 

et al., 2020). 
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2.2. Crystallization and data collection 

For structural analysis of the LRP6 E1E2–SOST complex, I generated several SOST 

constructs, encoding full-length SOST, N-terminal-truncation mutants (30–213, 40–

213, and 60–213), and C-terminal-truncation mutants (24–177, 24–187, 24–197, 24–

203). Among these, only SOSTtr177 (24–277) was successfully purified and 

crystallized in complex with LRP6 E1E2. An initial crystallization hit for the LRP6 

E1E2–SOSTtr177 complex was found in 0.1 M MOPS pH 7.5, 0.1 M magnesium 

acetate, and 12% PEG 8000, using a 96-well, sitting-drop plate at 298 K. Larger, but 

multiple long crystals were obtained in a 24-well hanging-drop plate by equilibrating 

2 μl drops (consisting of 1 μl protein complex solution and 1 μl reservoir solution) 

against 500 μl reservoir solution, consisting of 0.1 M HEPES pH 7.2, 0.15 M 

magnesium acetate, 80 mM sodium citrate, and 10% PEG 8000. Initially, 4.1–4.5 Å  

resolution diffraction datasets were collected on beamline 11C at the Pohang 

Accelerator Laboratory (PAL, South Korea) and on beamline 23-ID at the Advanced 

Photon Source (APS, USA). After screening >200 crystals, I ultimately collected a 

3.8 Å  resolution dataset from beamline 23-ID of the APS, using a 10-μm diameter 

beam. The diffraction images were integrated and scaled using XDS suite (Kabsch, 

2010). The data collection statistics are summarized in Table 1.  

 

2.3. Crystal structure determination 

The LRP6 E1E2-SOSTtr177 structure was solved by the MR method, using Phaser 

(McCoy et al., 2007). The LRP6 E1E2 structure (PDB entry 3S94) and the core 

cystine-knot SOST structure (PDB entry 2K8P) were used as the search models, after 

removing the N-terminal and C-terminal tails and the loop 2 region of SOST. The 
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MR solution contained two independent copies of a 1:1 complex, corresponding to 

a solvent content of 73% (Matthews coefficient 4.5). Excess electron density was 

observed for the loop 2 and C-terminal HNQS regions after rigid body fitting of the 

MR solution. As an initial procedure during the refinement, simulated anneali

ng was used to remove model bias. Several cycles of manual model building 

with COOT (Emsley and Cowtan, 2004), followed by structure refinement by 

PHENIX (Afonine et al., 2012) using grouped B–factors per residue and NCS 

restraints, were performed. Although weak electron density was observed in the 

SOST loop regions and C-terminal tail, the continuous electron density in a 2mFo-

DFc map enabled main-chain tracing in these regions. In addition, the side chains of 

PNAIGR in loop 2 and HNQS in the C-terminal tail showed relatively well-defined 

electron density, which enabled side-chain assignments in these regions. Finally, the 

structure was refined with individual ADPs, which reduced the R factors 

substantially from 0.23/0.27 to 0.21/0.26. my final model consists of residues 19–38 

and 41–630 of LRP6 (chain A), 20–38 and 41–631 of LRP6 (chain B), 78–121 and 

128–177 of SOST (chain C), and 78–121 and 130–177 of SOST (chain D). The final 

Rwork and Rfree values were 21% and 26%, respectively, and the Ramachandran 

outlier value is 0.07%. The refinement statistics are summarized in Table 1. 

 

2.4. SEC-MALS experiment 

The purified LRP6 E1E2-SOSTtr177 complex at a concentration of 1 mg/ml was 

injected into a Superdex 200 increase 5/150 GL column equilibrated with a buffer 

consisting of 50 mM Tris, pH 8.5 and 150 mM NaCl. The eluent was monitored with 

three detectors: a UV detector, a multi-angle laser light scattering (MALS) detector 
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(Wyatt TREOS) and a differential refractometer detector. The collected data was 

analyzed using the protein conjugate method in ASTRA 6 software, distributed by 

Wyatt technology. The dn/dc for the LRP6 E1E2–SOSTtr177 complex was taken to 

be 0.185.  

 

2.5. Fluorescence-SEC experiment  

The purified LRP6 E1E2–Smo-SOST complex (250 µl) at a concentration of 1.5, 1, 

0.5, or 0.1 µM was injected into a Superdex 200 Increase 10/300 GL column 

equilibrated with a buffer consisting of 20 mM Tris, pH 7.0 and 200 mM NaCl. The 

intrinsic tryptophan fluorescence was detected by an FP-4025 fluorescence detector 

(JASCO), with the excitation set at 290 nm and emission at 340 nm. 

2.6. Cell-based activity assay  

The well-established TopFlash reporter plasmid system was used to monitor 

activation of the canonical Wnt signaling pathway. A Renilla luciferase plasmid was 

co-transfected as a control to normalize the TopFlash luminescence signals. 

HEK293A cells were seeded at a density of 20,000 cells/well in a 96-well plate 

before transfection. The total amount of plasmid DNA was held constant as 100 

ng/well (for the Wnt1- and Wnt3a-signaling assays) or 200 ng/well (for the Wnt2- 

and Wnt9b-signaling assays). In the latter cases, a plasmid encoding frizzled 5 was 

also co-transfected. METAFECTENE®  PRO (Biontex Laboratories) was used as 

the transfection reagent in all cases. Four hours after transfection, the medium was 

changed, and the cells were further incubated for 12 h. Luciferase signals were 
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detected using the Dual-Luciferase Reporter Assay System (Promega) with an LB 

96V microplate luminometer (Berthold). Three independent experiments were 

performed for each sample. 

 

2.7. Western blot and ELISA analyses 

The expression levels of SOST mutants and WT SOST were compared by ELISA 

and western blot analyses. Each SOST construct was transfected into HEK293A 

cells using METAFECTENE®  PRO (Biontex Laboratories). After at 16 h post-

transfection, the supernatants from each well (containing secreted SOST) were 

recovered and centrifuged to remove cell debris. The supernatant levels of each 

SOST mutant and WT SOST were quantified using a Quantikine ELISA Kit (R&D 

Systems, Catalog #DSST00). The expression levels of WISE mutants were 

compared to that of WISE WT using an ELISA Kit (MyBioSource, Catalog 

#MBS9308697). 

Since the SOSTΔloop2 mutant was not detected by the corresponding 

primary antibody of the Quantikine ELISA Kit (R&D Systems), its expression was 

confirmed by western blotting. Supernatants containing SOSTΔloop2 and WT 

SOST were prepared as described above. Each sample was concentrated to the same 

volume, loaded into an SDS-PAGE gel, and visualized by western blot using a 

monoclonal SOST antibody (Invitrogen, Catalog #MA5-23897, 1:1000 dilution). 

Anti-GAPDH antibody (Santa Cruz Biotechnology, Catalog #sc-47724, 

1:1000 dilution) was used as a loading control for Western Blot and anti-His-tag 

antibody (Cell Signaling, Catalog #2366, 1:1000 dilution) was used for western blot 

in fluorescence-SEC experiments. 
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2.8. MicroScale Thermophoresis (MST) 

 

Affinity measurements were performed using a Monolith NT.115 Pico instrument 

(NanoTemper). Purified LRP6 E1E2 and LRP6 E1 were labeled with the dye NT-

647 using the Monolith NT Protein Labeling kit (NanoTemper). Labeled LRP6 

E1E2 and E1 were used at concentrations of ~ 5 nM. Each unlabeled Smo-SOST 

(WT and mutants), MBP-SOST (WT) and peptides was diluted with MST buffer (20 

mM Tris-Cl, pH 7.0, 200 mM NaCl, 0.5 mg/ml BSA, and 0.05 (v/v) % Tween 20). 

After 10 minutes incubation of each mixture at room temperature, each sample was 

filled into Monolith NT.115 standard capillary. The measurements were performed 

at 5% LED power and 40% MST power at 22℃. MST data were analyzed by non-

linear regression with the specific binding of Prism software. 

 

2.9. Sample preparation for crosslinking-MS experiments 

The crosslinking reaction of the purified LRP6 E1E2 H404K–SOSTtr177 N175K 

complex with bis(sulfosuccinimidyl) suberate (BS3) (Thermo Scientific Pierce, 

USA) was performed at room temperature for 30 min., and then quenched by 40 mM 

Tris-Cl (pH 7.5). The reaction mixture was heated in SDS sample buffer and loaded 

onto an SDS-PAGE gel. The shifted band corresponding to the molecular weight of 
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~90 kDa (LRP6 E1E2–SOST complex) was sent to collaborators1 and carefully 

excised for in-gel digestion by MS-grade chymotrypsin. 

 

 

  

                                            
1 Crosslinking MS experiments were done by Jeesoo Kim 
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CHAPTER III 

Results 
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3.1. Structural analysis of LRP6 – SOST binding 

3.1.1. Crystal structure of LRP6-SOSTtr177 complex 

Based on the published NMR structure of SOST, I designed SOSTtr177 (Fig. 4) for 

crystallization purpose and co-purified it with two N-terminal subdomains of LRP6 

E1E2 (Fig. 5A). The crystal conditions were optimized with this purified protein 

complex (Fig. 5B). The crystal structure of the LRP6 E1E2–SOSTtr177 complex was 

solved at 3.8 Å resolution by the molecular replacement (MR) method using the 

known LRP6 E1E2 structure (PDB ID 3S94) and the core cystine-knot NMR 

structure of SOST (PDB ID 2K8P) with the loop 2 region removed, as search models. 

Despite the low-resolution X-ray data, calculated electron density maps were of 

sufficient quality to build and refine SOST and nearly all of the LRP6 E1 and E2 

domains. The mFo-DFc difference electron density map calculated after rigid body 

fitting of the MR solution revealed clear density for SOST NXI motif at the top 

surface of LRP6 E1 (Fig. 7A). In addition, I observed an unidentified electron 

density at the center of the LRP6 E2 propeller in two independent copies of LRP6 

molecules in an asymmetric unit of the crystal lattice (Fig. 7B). A possibility that a 

second SOST molecule bound LRP6 E2 was excluded by the facts that 1:1 

heterodimer formation was observed for the LRP6 E1E2–SOSTtr177 complex using 

multi-angle light scattering (MALS) analysis (Fig. 8). Moreover, continuous electron 

density from the C-terminus of the SOST cystine-knot core to the top of LRP6 E2 

was observed (Fig. 9). The shortened C-tail of my SOSTtr177 construct (169-

RLTRFHNQS-177) facilitated model building, as I observed a clear side-chain 

density for H174 at the center of LRP6 E2, where H174 stably interacts with polar 

residues of LRP6 E2. Thus, the last four residues, HNQS were successfully modeled 
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into the electron density on the top of LRP6 E2 (Fig. 6). The SOST polypeptide 78–

121 and 129–177 in chain C and 78–121 and 131–177 in chain D were included in 

the final model. In both SOST molecules, I did not observe direct crystal contact 

between the loop 2 region or the C-tail region and neighboring molecules (Fig. 10). 
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Figure 5. LRP6 E1E2–SOSTtr177 complex purification and crystallization 
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(A) SEC profile and SDS-PAGE analysis of the LRP6 E1E2-SOSTtr177 complex are 

shown. 

(B) Optimized LRP6 E1E2-SOSTtr177 crystals. A single, needle shaped crystal was 

taken and used for X-ray diffraction experiments.  
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Figure 6. The crystal structure of the LRP6 E1E2–SOSTtr177 complex. 

 

The crystal structure of the LRP6 E1E2–SOSTtr177 complex is represented with a 

ribbon diagram. For simplicity, only one complex out of two in an asymmetric unit 

is shown (Fig. 10). SOST is colored in magenta, and disulfide bonds are represented 

as yellow sticks. SOST residues 122–127 are not resolved in this structure and are 

represented as a dotted line. The LRP6 E1 β-propeller domain is colored in green, 

and the E2 β-propeller is shown in cyan. The EGF regions are shown in orange (Kim 

et al., 2020).  
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Data collection LRP6 E1E2-SOSTtr177  

Wavelength (Å ) 1.033 

Space group P64 

Unit cell parameters  

a, b, c (Å ) 252.8, 252.8, 86.3 

Resolution (Å ) (last shell) 30-3.8 (3.94-3.8) 

Unique reflections 31247 (3106) 

Completeness (%) 99.6 (99.4) 

Multiplicity 4.3 (4.2) 

I/s(I) 6.5 (2.0) 

Rmerge
a 0.12 (0.42) 

CC1/2 0.98 (0.78) 

Wilson B-factor (Å 2) 87 

Refinement 

No. of reflections working set (test set) 31258 (2465) 

Rcryst/ Rfree
b 0.21/0.26 

Bond length rmsd from ideal (Å ) 0.003 

Bond angle rmsd from ideal (°) 0.73 

Average B-factors (Å 2), LRP6 97 (chain A), 90 (chain B) 

                   SOST 117 (chain C), 110 (chain D) 

Ramachandran analysisc 

 % favored regions 86.5 

 % allowed regions 13.4 

% outliers 0.1 
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rmsd, root-mean square deviation. 

a Rmerge = ∑h∑i│Ii(h) - 〈I(h)〉│/∑h∑i Ii(h), where Ii(h) is the ith measurement of reflection 

h, and 〈I(h)〉 is the weighted mean of all measurements of h. 

bR = ∑h |Fobs(h)| - |Fcalc(h)| | / ∑h |Fobs(h)|. Rcryst and Rfree were calculated using the working 

and test reflection sets, respectively. 

 
cAs defined in MolProbity (Williams et al., 2018) 

 

Table 1. Data collection and refinement statistics 

(Kim et al., 2020) 
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Figure 7. Initial difference map for SOST loop2 and C-tail regions 

 

The final SOST model is shown in purple for reference. (A) The initial mFo - DFc 

map corresponding to the SOST loop2 and (B) SOST C-tail regions contoured at 3σ 

density level is shown in the grey mesh (Kim et al., 2020).  
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Figure 8. SEC-MALS analysis of LRP6 E1E2-SOSTtr177 complex 

 

SEC-MALS profile of the LRP6 E1E2-SOSTtr177 complex is shown. The orange line 

represents the measured molar mass. The left and right y-axes indicate UV280 signal 

and molar mass, respectively. The calculated molecular mass of the complex is 92.5 

kDa (Kim et al., 2020). 
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Figure 9. 2mFo-DFc map and composite map showing the SOST loop 2 and C-

tail regions 

 

The final model of the LRP6 E1E2-SOSTtr177 complex is shown as ribbon diagram. 

(A) Grey meshed 2mFo-DFc map and (B) composite omit map (simple omit map 

calculated by the program PHENIX) contoured at 1.0 σ level are shown for the SOST 

loop 2 and C-tail regions. The C-terminal part of the SOST loop 2 region (122-127 

in chain C, 122–130 in chain D) is disordered. Side-chains of PNAIGR in loop 2 and 

HNQS in the C-tail are represented as sticks. The fragmented electron density for 

the C-tail was observed in chain D, resulting in lower quality of fit into electron 

density map (Kim et al., 2020). 
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Figure 10. Crystal packing showing the LRP6 E1E2-SOSTtr177 complex lattice 
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(A) There are two complex molecules in an asymmetric unit of the crystal lattice, 

corresponding to a solvent content of 73% (Matthews coefficient 4.5) (Matthews, 

1968).   

(B) Crystal packing showing the LRP6 E1E2-SOSTtr177 complex lattice is presented 

in two orientations. Crystallographic a and b axes are represented and c axis, which 

is vertical to the ab plane is omitted. On the right, the two complex molecules in an 

asymmetric unit are shown in grey (light grey for LRP6 E1E2 and dark grey for 

SOST) inside a red box. These molecules are enlarged and shown above. In a 

zoomed view, the SOST residues that interact with neighboring molecules within 4 

Å distance, are shown in yellow stick. SOST loop 2 and C-tail are not involved in 

the direct crystal contact. 

(Kim et al., 2020) 

  



40 

 

To support my complex structure demonstrating the interaction between 

SOST HNQS and LRP6 E2, mass spectrometric (MS) analysis was performed 

following reaction with the crosslinker, bis(sulfosuccinimidyl) suberate (BS3). 

Based on the crystal structure of the LRP6 E1E2–SOSTtr177 complex, I introduced 

the H404K and N175K mutations into LRP6 E1E2 and SOSTtr177, respectively (Fig. 

11), and purified the LRP6 E1E2–SOSTtr177 complex with both mutations, which 

was crosslinked with BS3 crosslinker. By tandem MS experiments in collaboration2, 

intermolecular crosslinking between the SOST fragment (HKQS) and the LRP6 

fragment (397-VVTAQIAKPDGIAVDW-412) was clearly identified (Appendix Fig. 

1A and 1B), suggesting that the SOST HNQS is located close to H404 of LRP6 E2 

in the LRP6 E1E2–SOSTtr177 complex. 

Comparing my LRP6–SOST complex structure with that of the free SOST 

structure (PDB ID 2K8P) shows that, while the N-terminal region of SOST remained 

highly flexible as it was unresolved in my structure (residues 24-77), loop 2 and the 

HNQS region were adjusted to accommodate LRP6 binding (Fig. 12). Since my 

SOST construct ends immediately after the HNQS sequence, my structure did not 

enable us to determine whether the remaining C-terminus would make additional 

contacts with LRP6 or remain free. The possibility of further interaction mediated 

by the C-terminus is discussed below. However, the current structure clearly 

indicates that SOST interacts with both LRP6 E1 and E2 through loop 2 and C-tail, 

respectively. 

                                            
2 Crosslinking MS experiments and analysis were done by Jeesoo Kim and Jong-Seo Kim 
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Figure 11. Crosslinking reaction of LRP6 E1E2-SOSTtr177 complex 

 

Based on the crystal structure of the LRP6 E1E2 –SOSTtr177 complex, H404K and 

N175K mutations were introduced into LRP6 E1E2 and SOSTtr177, respectively. The 

shifted band corresponding to the crosslinked sample is marked with a red box. 

Molecular weight markers in kDa are shown on the left. Experiments were 

performed three times and one representative data is shown.  
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Figure 12. Structural comparison of SOST in the absence and the presence of 

LRP6 

 

Six representative SOST NMR model (PDB ID: 2K8P, total 36 NMR solution states) 

and SOSTtr177 of my complex structure are compared by the structural alignment of 

cystine knot core. Aligned NMR structure and SOSTtr177 structure are colored light 

gray and magenta, respectively. N-terminus and C-terminus, which are not visible in 

my crystal structure, are colored green and cyan respectively. Disulfide bonds are 

represented as yellow stick. 
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3.1.2. Comparing two SOST-binding sites on LRP6 

The previously published structure of LRP6 E1 in complex with the SOST loop 2 

peptide established SOST N117 and I119 in the NXI motif as being critical for LRP6 

E1 binding. This was confirmed by a 10-fold lower affinity of the N117A and I119E 

SOST mutants for LRP6 (Bourhis et al., 2011). While I observed similar interactions 

between the NXI motif and the LRP6 E1-binding surface here, the intact loop 2 of 

SOST exhibited two interesting structural features that were not observed in the 

peptide-complex structure (PDB ID 3SOV). Firstly, SOST L114 and L115 form van 

der Waals interactions with SOST A118 and G120, respectively, thereby stabilizing 

the loop 2 conformation (Fig. 13A), which may contribute to the overall stability of 

the LRP6-SOST complex. Another difference relates to the interaction of SOST 

R121. In my structure, R121 made close contacts with the E73 side chain and the 

backbone carbonyls of V70 and L95 in LRP6 E1 (Fig. 13B). However, in the 

peptide-complex structure, R121 instead interacted with E51 and D52 of LRP6 E1 

with its carboxyl group pointing toward the LRP6 core. This configuration is not 

possible for R121 in the intact SOST protein, as it does not allow space for the 

remaining polypeptide chain. When compared to the structure of the NXI motif-

containing DKK1 peptide bound to LRP6 E1, I noticed that R121 in my SOST 

structure aligned well with K43 of DKK1, even though K43 followed the NXI motif 

without an intervening Gly residue (NXIK), in contrast to SOST (NXIGR). DKK1 

K43 interacts with the same carbonyl of L95, but with the E115 side chain of LRP6 

(Fig. 13C). Thus, the side chain orientation of this positively charged residue 

following the NXI motif (toward the acidic region on LRP6 E1) appears to be 

conserved in DKK1 and SOST, regardless of whether an extra Gly residue is present 
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before the basic residue. 
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Figure 13. Canonical binding site of SOST loop 2 in LRP6 E1 
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(A) Key interactions of the SOST loop 2 region with LRP6 E1 (within 4 Å) are 

shown with dotted lines. Interacting residues are presented as sticks and are labeled 

black for LRP6 or magenta for SOST. The missing region of SOST (residues 122–

127) in this structure is represented with a dashed line.  

(B) Comparison of the SOST loop 2 binding site in my structure with that of the 

LRP6 E1–SOST peptide complex structure (PDB ID: 3SOV) is presented. The 

SOST ‘LPNAIGR’ peptide is shown in light gray, and LRP6 E1 from PDB 3SOV is 

omitted for clarity. The interactions of the NXI motif were found to be conserved in 

both structures, although the R121-mediated interactions differed. The interactions 

of R121 in the LRP6 E1-peptide structure are represented with orange dashed lines. 

(C) Structural comparison with the LRP6 E1–DKK1 peptide (NSNAIKN) complex 

(PDB ID: 3SOQ) is shown. The DKK1 peptide is colored in light gray. The 

interactions of K43 in the LRP6 E1–DKK1 peptide structure are represented in 

orange dashed lines. 

(Kim et al., 2020) 
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At the LRP6 E2 binding site, the side chain of H174 in the HNQS was 

modeled into the central cavity of the LRP6 E2 -propeller by fitting it to the electron 

density map. H174 of SOST made close contacts with R449, W465, W491, N493, 

and H534 of LRP6 (Fig. 14A). Unexpectedly, in contrast to LRP6 E1, LRP6 E2 

showed conformational changes upon SOST binding in that residues at the center of 

the LRP6 E2 propeller were rearranged to accommodate the insertion of SOST H174 

(Fig. 14B). Unlike the LRP6 E1 and E3 propellers, the top surface of the LRP6 E2 

propeller has a loop that bulges out between blades 5 and 6 in the ligand-free state  

(Cheng et al., 2011). Structural analysis of the LRP6 E1E2–SOSTtr177 complex 

showed that SOST H174 replaced the H534 residue of LRP6, located on this 

protruding loop that interacts with W465 and N493 in the ligand-free structure of 

LRP6 E2 (PDB ID 3S94). This loop rearrangement appears to be pivotal for allowing 

ligand binding to the top surface of LRP6 E2.  

The ligand binding pocket of the SOST C-tail-bound LRP6 E2 (consisting 

of W491, N493, R449, and H534) appeared remarkably similar to that of the SOST 

loop 2-bound LRP6 E1 (Fig. 14C). However, while the NAI residues of loop 2 fit 

into the LRP6 E2 cavity, the potential interactions around SOST R121 was 

unfavorable in LRP6 E2, suggesting that R121 contributes to selective binding of 

SOST loop 2 to LRP6 E1. R121 can form ionic interaction with E73 in LRP6 E1, 

but the corresponding residue in LRP6 E2 is R382. The charge repulsion between 

the two Arg residues would be expected to prevent SOST loop 2 binding to LRP6 

E2. In addition, structural analysis suggests that the R121 backbone and side chain 

would clash with E380 and H404 in the LRP6 E2, if the two were to bind (Fig. 14C). 

I noted that N175 in the HNQS sequence was predicted to be a 
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glycosylation site. In my SOSTtr177 construct, N175 was not glycosylated. However, 

purified wild-type (WT) SOST revealed a doublet band following sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 15). This doublet was 

converted to a single band by PNGase F treatment to induce deglycosylation. These 

results indicate that, in vivo, N175 in WT SOST is likely glycosylated. However, 

because the N175 side chain points toward the solvent region, glycosylation at this 

site is unlikely to interfere with the LRP6 interaction (Fig. 16). 

This is the first report showing a direct ligand interaction of LRP6 E2. 

While the ligand-bound and ligand-free structures of LRP6 E1 were similar, 

structural changes in LRP6 E2 were observed upon ligand binding. To verify the 

functional impact of the interaction of the SOST C-tail with LRP6 E2, I performed 

in vitro binding experiments and cell-based assays.  
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Figure 14. Interaction of SOST C-tail with LRP6 E2  
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(A) The HNQS motif of the SOST C-terminus fit into the binding pocket of the LRP6 

E2 β-propeller domain. Interactions of SOST H174 with LRP6 residues are shown 

with black dotted lines.  

(B) The Ligand-free state of LRP6 E2 (PDB ID: 3S94; light gray) was aligned to 

LRP6 E2 (cyan) in my complex structure. For clarity, SOST was omitted from the 

overall alignment LRP6 E2, on the left. Structural changes near W465 and H534 in 

LRP6 E2 upon SOST binding are shown. H534 of LRP6 moved from the concave 

center of the β-propeller domain by binding to SOST H174 (colored in purple in an 

enlarged box on the right).  

(C) The structure of HNQS-bound LRP6 E2 (cyan) was aligned with the structure of 

loop 2-bound LRP6 E1 (green). The HNQS region is not shown for clarity. Loop 2-

interacting residues in LRP6 E1 and corresponding residues in LRP6 E2 are 

represented as sticks and are labeled after the E1 residues. 

(Kim et al., 2020) 
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Figure 15. Deglycosylation of SOST by PNGase F 

 

In contrast to SOSTtr177, purified SOST WT and SOSTtr178 were detected as 

doublets (black arrows) in an SDS-PAGE gel. To verify that each doublet was caused 

by glycosylation, deglycosylation reaction was carried out by PNGase F (New 

England Biolabs) treatment. Each reaction mixture was incubated at 37℃ for 1 hour 

and the sample was analyzed by SDS-PAGE. Molecular weight markers in kDa are 

shown on the left. Experiments were performed twice and one representative data is 

shown (Kim et al., 2020). 
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Figure 16. The model of N175-linked N-acetyl-β-d-glucosamine (NAG) 

 

The model of N175-linked N-acetyl-β-D-glucosamine (NAG) was built by COOT 

(Emsley and Cowtan, 2004). Although only the first glycan (NAG-Asn) was 

modeled, glycosylation at N175 doesn’t appear to interfere with LRP6 binding, since 

NAG is directed toward the solvent (Kim et al., 2020).   
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3.2. Functional study of the mechanism of SOST inhibition 

3.2.1. Evaluation of the role of SOST C-tail in LRP6 binding 

Based on my structure, it was unclear whether the C-terminus following HNQS 

promotes the interaction with LRP6. Attempts at crystallizing LRP6 in complex with 

full-length SOST were unsuccessful. However, the sequence alignment of SOST and 

its homolog WISE revealed that, unlike the N-terminal region, the C-terminal region 

contains conserved residues, implying its functional importance (Fig. 17). The 

conserved sequence encompasses HNQ(E)S and also includes a previously unnoted 

cluster of basic residues. A series of SOST truncation mutants, with terminal residues 

of 169, 177, and 204, were generated to evaluate the importance of the HNQS motif 

and the basic residues (Fig. 4). SOSTtr204 contained both the HNQS motif and a basic 

residue cluster, excluding only the last nine non-conserved amino acids of the SOST 

C-terminus. In contrast, SOSTtr169 contained neither the HNQS region, nor the basic 

residue cluster. Finally, SOSTtr177 contained only the HNQS motif, but not the basic 

cluster.  

The binding affinity of each SOST mutant to LRP6 E1E2 was measured 

using MicroScale Thermophoresis (MST) and compared with that of WT SOST. WT 

SOST showed the strongest binding to LRP6 E1E2, with a KD of 170 nM (Fig. 19 

and Table 2). Previously, the dissociation constant of SOST for LRP6 E1E2 was 

determined to be 6.8 nM using biolayer interferometry (Bourhis et al., 2011). This 

discrepancy may result from the different methods used to determine the KD values 

or the use of the N-terminal SUMO tag (Smo-SOST) to improve the solubility of 

SOST in MST measurements. However, I confirmed that SUMO itself did not bind 

LRP6 and that a different N-terminal tag, i.e., maltose binding protein (MBP), did 
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not affect the affinity for LRP6 (Fig. 20). As the N-terminal 54 amino acids of SOST 

were not resolved in my crystal structure, I hypothesized that the N-terminal region 

of SOST would not be involved in LRP6 binding. To further verify the KD value, I 

performed size-exclusion chromatography analysis to determine an approximate KD 

value, using unlabeled and untagged proteins. This value (~50 nM) was slightly 

lower than obtained in my MST experiment (Fig. 21). 
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Figure 17. Sequence alignment of SOST, WISE, and DKK1 

 

Sequence alignment of human SOST, WISE and DKK1 was performed by the 

CLUSTALW program (Thompson et al., 1994). The red-colored Cys residues form 

disulfide bonds and the conserved PNXIG residues are colored green. HNQ(E)S 

motif in SOST and WISE are presented in bold and the basic residues at C-tail were 

colored in blue. In the case of DKK1, only the N-terminal NXI motif region is shown 

(Kim et al., 2020).  
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Figure 18. Effects of the SOST C-tail on LRP6 binding and Wnt1-signaling 

inhibition 

 

The affinities of various SOST mutants for LRP6 E1E2 or LRP6 E1 were measured 

by MST, and the relative KD values from those measurements are shown. The KD 

value of SOST WT for LRP6 E1E2 was used as a reference. The experimentally 

determined KD values are provided in Table 2 (Kim et al., 2020). 
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Figure 19. Affinity measurement of LRP6 E1E2 with SOST C-tail truncation 

mutants by MST 
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Cy-5 dye-labeled LRP6 E1E2 was titrated with each SOST protein. Each binding 

curve was obtained by Graphpad Prism. Data from three independent experiments 

(n=3) were analyzed and expressed as mean ± SD. The calculated KD value for each 

binding is shown and summarized in Table 2. The SUMO tag (Smo) showed no 

binding to LRP6 E1E2 (N.B.; No apparent binding) (Kim et al., 2020).  
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Figure 20. Affinity measurement of LRP6 E1E2 with MBP-SOST by MST. 

 

Cy-5 dye-labeled LRP6 E1E2 was titrated with WT MBP-SOST protein. Each 

binding curve was obtained by Graphpad Prism. Data from three independent 

experiments (n=3) were analyzed and expressed as mean ± SD. The calculated KD 

value for each binding is shown and summarized in Table 2. The MBP tag (Smo) 

showed no binding to LRP6 E1E2 (N.B.; No apparent binding) (Kim et al., 2020).  
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Figure 21. The FSEC profiles of LRP6 E1E2 in complex with SUMO-tagged 

SOST (Smo-SOST) at various concentrations 
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Purified LRP6 E1E2 – Smo-SOST complex was diluted to 1.5 μM, 1.0 μM, 0.5 μM, 

and 0.1 μM and each sample was loaded onto the SEC column. SEC profiles at each 

concentration were overlaid, together with those of LRP6 E1E2 (dark grey) and 

Smo-SOST (blue) as references. The lighter the FSEC profile of the complex, the 

lower the concentration as shown in the color code on the right. When the complex 

was diluted to 0.5 μM and injected to the SEC column, the complex appears to be 

half-dissociated, suggesting that the estimated dissociation constant (KD) would be 

~ 50 nM, considering the dilution factor of 10 during the SEC column. Eleven elution 

fractions (elution volume from 12 to 17 ml) from each SEC at 1.5 μM and 0.5 μM 

concentrations were visualized by western blot using HRP conjugated His6 antibody 

(Cell Signaling). Western blots are representative of three independent experiments 

(Kim et al., 2020).. 
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Despite this variation, my results clearly provide reliable information 

regarding the relative affinities of the SOST mutants and WT SOST (Fig. 18). As 

expected, deleting the NXI motif reduced the affinity of SOST for LRP6. This 

SOST∆loop2 mutant, in which the loop 2 residues were replaced with GSGG (Fig. 

4), showed the lowest affinity for LRP6 E1E2 among all tested SOST mutants (Table 

2 and Fig. 19). Whereas WT SOST showed ~ 5-fold lower affinity for LRP6 E1 than 

LRP6 E1E2, SOSTtr169 was shown to bind LRP6 E1 and E1E2 with similarly low 

affinities (Fig. 22). These results demonstrate that the SOST C-terminus is required 

for full SOST affinity for LRP6 E1E2 by interacting with LRP6 E2. The contribution 

of HNQS to the interaction with LRP6 E1E2 was shown by the stronger affinity of 

SOSTtr177 to LRP6 E1E2 than that of SOSTtr169 to LRP6 E1E2. The similar binding 

affinity of SOSTtr177 and SOSTtr178 for LRP6 E1E2 confirmed that N175 

glycosylation did not interfere with LRP6 binding. Interestingly, the crystallization 

construct, SOSTtr177 did not exhibit full affinity, whereas SOSTtr204 did (Table 2). 

These results suggest that residues 178–204 may further interact with LRP6. Notably, 

a cluster of basic residues was observed in this region. As LRP6 E1E2 contained 

negative patches on its surface (Fig. 23A), I speculated that the positive C-terminus 

of SOST interacts with an acidic patch on LRP6 E1E2. Through computational loop 

modeling in collaboration3, I proposed that the SOST C-terminus may interact with 

an acidic patch on LRP6 E2 (Fig. 23B).  

  

                                            
3 Computational modeling of SOST C-terminal tail was done by Taeyong Park 
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Figure 22. Affinity measurement of LRP6 E1 with SOST C-tail truncation 

mutants by MST 

 

Cy-5 dye-labeled LRP6 LRP6 E1 was titrated with each SOST protein. Each binding 

curve was obtained by Graphpad Prism. Data from three independent experiments 

(n=3) were analyzed and expressed as mean ± SD (Kim et al., 2020). 
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Figure 23. Modeling of SOST C-tail in complex with LRP6 E1E2 

 

(A) The surface electrostatic potential of the crystal structure of the LRP6 E1E2-

SOSTtr177 complex was calculated by the APBS program (Baker et al., 2001) and 

displayed using Chimera (Pettersen et al., 2004). Blue and red represent the 

positively and negatively charged regions, respectively.  

(B) Two representative structures of SOST C-tail bound to LRP6 E2 with the best 

energy from modeling are shown as yellow and orange, respectively. LRP6 E1E2 

are represented as surface model using PyMol program (DeLano, 2002). 

(in collaboration with Taeyoung Park (Kim et al., 2020)) 
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The previously reported KD of SOST loop 2 peptide for LRP6 E1 was 9 

μM, as measured by isothermal calorimetry (Holdsworth et al., 2012). Using MST, 

I measured the KD values of the circularized SOST loop 2 peptide4 for LRP6 E1 and 

E1E2 as 5.2 μM and 5.5 μM, respectively (Fig. 24A). I then attempted to measure 

the KD of the SOST C-terminal peptide5 for LRP6 E2, but were unsuccessful due to 

the aggregation of labeled LRP6 E2 during MST experiment. However, we could 

infer the effect of C-terminal binding to LRP6 E2 by comparing the KD values of the 

C-terminal peptide with LRP6 E1E2 and E1. A C-terminal peptide containing 

residues R170–Y213 bound to LRP6 E1E2 with a KD of 5.8 μM (Fig. 24B); however, 

it did not bind LRP6 E1, suggesting that the SOST C-terminal region specifically 

binds LRP6 E2. 

Collectively, my systematic analysis of binding affinity between SOST and 

LRP6, together with computational modeling, clearly shows that the SOST C-

terminal region contributes to the high-affinity SOST–LRP6 interaction. 

  

                                            
4 A disulfide-bonded, circularized loop 2 peptide (CLLPNAIGRGKWGC) was synthesized 

by Peptron 

 
5 Peptide expression and purification were done by Hyun Sik Lee 
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Figure 24. MST data for the interaction between LRP6 and SOST peptides 
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Cy-5 dye-labeled LRP6 E1E2 or LRP6 E1 was titrated with each SOST peptide. 

Histone peptide (1-44) was used as a negative control. Each binding curve was 

obtained by Graphpad Prism and the calculated KD values are presented. Data from 

three independent experiments (n=3) were analyzed and expressed as mean ± SD. 

No apparent binding (N.B.) was detected in the reactions of histone peptide with 

LRP6 E1E2 and C-tail peptide with LRP6 E1 (Kim et al., 2020). 
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Table 2. Dissociation constant of each SOST protein for each LRP6 measured 

by MST 

(Kim et al., 2020) 
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3.2.2. Functional implications of the SOST C-tail in Wnt1-signaling 

inhibition  

Next, I determined whether the SOST C-terminus could influence the inhibitory 

function of SOST on the Wnt1 signaling pathway. Cells were co-transfected with 

plasmids encoding each SOST mutant and Wnt1, and the inhibition of Wnt1-induced 

canonical signaling was measured in TopFlash assays. SOST mutants and WT-SOST 

expression levels were assessed by ELISA and western blotting (Fig. 26A and Fig. 

26B). Wnt1 signaling sharply decreased after co-transfection with WT SOST (Fig. 

25A). In contrast, the SOST∆loop2 and N117A mutants showed impaired inhibition 

of Wnt1 signaling, consistent with previously published result (Boschert et al., 2013). 

Consistent with my in vitro-binding data, SOSTtr169 showed reduced 

inhibition of Wnt1 signaling compared to WT SOST, even though it contained the 

intact loop 2, suggesting that the C-tail is important for SOST function. Nest, we 

separately evaluated the HNQS motif and the basic cluster region in C-tail. Two 

constructs lacking a basic region, SOSTtr187 and SOSTtr177, showed less inhibitory 

activity than WT SOST, but more activity than SOSTtr169 with the entire C-tail 

removed (Fig. 25A). In addition, I generated a SOST∆HNQS mutant in which 172–

178 (RFHNQSE) were substituted with a GSGG linker (Fig 4). This mutant showed 

~50% inhibition of Wnt1 signaling (Fig. 25A), demonstrating that the C-terminal 

HNQS motif contributed to SOST function, but was not sufficient for full activity. 

Next, the H174A mutation was introduced into SOSTtr177 (SOSTtr177H174A). 

Unlike the SOSTtr177F173A mutant, which showed the same cellular activity as 

SOSTtr177, the SOSTtr177H174A mutant exhibited weaker activity than SOSTtr177 

and similar activity to SOSTtr169, in support of my crystal structure (Fig. 25B). In 
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addition to C-tail truncation mutants, a SOST∆basic mutant, in which all basic 

residues in the C-terminus were replaced with Ala residues (Fig. 4), was used to 

investigate the functional importance of the C-terminal basic cluster. This mutant 

inhibited Wnt1 signaling similarly to that of the C-terminal truncation mutant 

SOSTtr187, revealing the importance of the conserved basic residues for inhibition by 

SOST. 
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Figure 25. Effects of the SOST C-tail on LRP6 binding and Wnt1-signaling 

inhibition 

 

(A) The inhibitory effects of SOST mutants on Wnt1 signaling were detected by 

TopFlash assays. Each luciferase signal observed after co-transfecting plasmids 

encoding Wnt1 and each SOST mutant was normalized to that found with the empty-

vector control.  

(B) effect of H174A mutation of SOSTtr177 on Wnt1-signaling inhibition was 

detected by TopFlash assays. Each luciferase signal from the co-transfection of Wnt1 

and each SOST was normalized to that from the Wnt1 only luciferase signal. Error 

bars represent SEM from four independent experiments (n=4) and the p-value by 

two-tailed t test is indicated. 

(Kim et al., 2020) 
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Figure 26. Expression of SOST and WISE (WTs and mutants) detected by 

ELISA and western blot 
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(A) The relative expression level of each SOST mutant compared to WT SOST was 

performed by ELISA or (B) western blot using the monoclonal SOST antibody 

(Invitrogen). Western blots are representative of two independent experiments (Kim 

et al., 2020).  

(C) The relative expression level of each WISE mutant compared to WT WISE was 

performed by ELISA. ELISA experiments were performed three times and one 

representative data are shown in (A) and (C). 
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This computational model suggests that the acidic region on LRP6 E2 

drove interactions with the SOST C-terminal basic cluster (Fig. 27B). To verify this, 

I designed an LRP6 mutant (LRP6Δacidic), where the acidic residues, E529, D530, 

E564, E566, and D570 of LRP6 E2 were replaced with Lys, and evaluated its 

function in TopFlash assays with an LRP6-knockout cell line (Fig. 28). LRP6-

knockout cell line was generated using the CRISPR/CRISPR-associated protein 9 

genome-editing method (Sanjana et al., 2014) in collaboration.6  Transfecting the 

LRP6Δacidic mutant into LRP6-knockout cells reduced the inhibitory effect of 

SOST on Wnt1 signaling, compared to WT LRP6 (Fig. 27A), suggesting that these 

acidic residues on LRP6 E2 participated in SOST binding. The mutated acidic 

residues in LRP6 E2, except for E564, are conserved in LRP5 (Fig. 29).  

WISE, a SOST homolog, has been reported to inhibit Wnt1 and Wnt8 

signaling by binding to LRP6 (Itasaki et al., 2003; Lintern et al., 2009). As mentioned 

above, sequence analysis showed that the HNQ(E)S motif and the basic cluster in 

the C-tail, and loop2 are conserved in WISE and SOST. To test whether the WISE 

C-tail affects WISE-mediated Wnt1-signaling inhibition, TopFlash assays were 

performed using WT and three WISE mutants. WISE∆loop2, WISEtr175, and 

WISEtr167 constructs correspond to SOST∆loop2, SOSTtr177, and SOSTtr169, 

respectively (Fig. 17 and Fig. 27C). Although WT WISE showed weaker activity 

than WT SOST, loop2 deletion or C-tail truncation in WISE resulted in 60-75% 

lower activity than WT WISE (Fig. 30), suggesting the functional importance of the 

WISE C-tail for WISE-dependent Wnt1-signaling inhibition. 

Collectively, my cell-based functional assays demonstrate that both the 

                                            
6 Generating LRP6 knock-out cell lines were done by Kyeonghwan Roh 
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HNQS region and the positively charged cluster are important for the full inhibitory 

effect of SOST on Wnt1 signaling and that they exhibit additive effects on SOST 

activity.  
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Figure 27. Effects of LRP6 binding site of SOST predicted by C-tail modeling 
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(A) Differences in the inhibitory activities of SOST with WT LRP6 or the 

LRP6Δacidic mutant in LRP6-knockout HEK293T cells are shown in the bar graph. 

The error bars indicate the standard error of the mean (SEM) of three independent 

experiments.  

(B) Modeling of SOST C-tail in complex with LRP6 E1E2. As a representative, 

model 1 structure of SOST in complex with LRP6 E1E2 from modeling is shown. 

Residues involved in the interaction between C-tail and LRP6 E2 are represented as 

sticks in a zoomed view on the bottom. Interacting residues are labeled in black 

(SOST C-tail) and blue (LRP6 E2), respectively. 

(in collaboration with Taeyoung Park (Kim et al., 2020)) 
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Figure 28. Expression of LRP6Δacidic mutant in LRP6 knock-out cell 

 

Expression of WT LRP6 and LRP6Δacidic mutant in LRP6 knock-out HEK293T 

cells was detected by western blot. Molecular weight markers in kDa are shown on 

the left. Western blots are representative of two independent experiments (Kim et al., 

2020).  
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Figure 29. Sequence alignment of four propeller domains of human LRP6 

 

Sequence alignment of four propeller domains of human LRP6 is presented. EGF-

like domains are shown as boxed regions and the conserved YWTD motifs are 

colored red. Residues interacting with the SOST loop 2 and the C-tail HNQS regions 

are colored green and cyan, respectively. K684 and L810 in LRP6 E3, and the 

corresponding residues E73 and A201 in LRP6 E1, respectively are shown in black 

bold (Kim et al., 2020).  
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Figure 30. Effect of the WISE C-tail on Wnt1-signaling inhibition 

 

The inhibitory effect of WISE (WT and mutants) on Wnt1 signaling was detected by 

TopFlash assays. Each luciferase signal from the co-transfection of Wnt1 and each 

WISE was normalized to that from the Wnt1 only luciferase signal. Error bars 

represent SEM from three independent experiments (n=3) and the p-values by two-

tailed t test are indicated (Kim et al., 2020). 
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3.2.3. Functional analysis of SOST C-terminus in X. laevis embryos7 

In collaboration with Wonhee Han (Kim et al., 2020), we also investigated the 

biological importance of the SOST C-terminus in vivo using X. laevis embryos 

(Hoppler, 2008). I first confirmed that human LRP6 residues that interact with 

SOST are conserved in X. laevis LRP6 (Fig. 31). To validate the functional 

significance of SOST C-terminal binding, I prepared five SOST constructs for 

mRNA production (WT, SOSTtr169, SOSTtr177, SOSTtr204, and SOST∆loop2). Co-

injecting WT SOST mRNA and Wnt1 mRNA blocked this effect in >60% of the 

injected embryos (Appendix Fig. 2A and 2B). In contrast, co-transfecting an equal 

amount of SOSTtr169 mRNA was much less effective than WT SOST mRNA in 

inhibiting ectopic-axis formation and was comparable to the inhibition found with 

SOST∆loop2 mRNA (Appendix Fig. 2A and 2B). As the C-terminal tail length 

increased, greater inhibition of ectopic-axis formation occurred (Appendix Fig. 2B), 

consistent with my cell-based results. However, we noticed that injecting increasing 

amounts of SOSTtr169 mRNA restored Wnt1 inhibition, whereas treatment with 

increasing amounts of SOST∆loop2 mRNA did not (Appendix Fig. 3). These data 

imply that, during Wnt1-mediated signaling, the SOST loop 2 interaction is more 

important for blocking Wnt1 binding than the C-tail interaction.  

  

                                            
7 Xenopus laevis embryos experiments were done by Wonhee Han 
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The expression of the Wnt target genes, namely siamois and nodal 3.1 (also 

known as Xnr3), was analyzed by quantitative polymerase chain reaction (qPCR) 

analysis, with animal cap explants. SOSTtr169 reduced the Wnt1-mediated expression 

of both siamois and nodal 3.1 less efficiently than WT SOST (Appendix Fig. 4A, 

4B). Intriguingly, qPCR analysis revealed that SOST∆loop2 completely lost the 

ability to inhibit Wnt-target gene expression (Appendix Fig. 4A, 4B), supporting a 

model wherein SOST loop 2 primarily inhibits the Wnt1-signaling pathway. This in 

vivo analysis with X. laevis clearly demonstrates that two-site interaction of SOST 

with LRP6 E1 and E2 are important for Wnt antagonism by SOST.  
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Figure 31. Sequence alignment of human LRP5/6 and Xenopus LRP6 

 

Sequence alignment of LRP5/6 E1E2 domains from human and Xenopus was 

performed by CLUSTALW program (Thompson et al., 1994). EGF-like domains are 

shown as boxed regions and the conserved YWTD motifs in the LRP family are 

colored red. Residues in LRP6 E1 and E2 interacting with SOST loop 2 and C-tail 

HNQS are colored green and cyan, respectively. Five mutated acidic residues in the 

LRP6Δacidic mutant are marked with black arrows (Kim et al., 2020). 
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3.2.4. SOST-dependent inhibition of Wnt-signaling by different Wnt 

subtypes 

Next, I examined whether bimodal SOST binding could inhibit different Wnt 

subtypes. Previously, Wnt9b signaling was blocked by WT SOST, but not by a SOST 

loop 2 peptide, whereas Wnt1 signaling was inhibited by both (Holdsworth et al., 

2012). Based on the hypothesis that LRP6 E1 represents the sole key binding site, it 

was proposed that the steric effect of SOST was chiefly responsible for the difference 

observed. Based on my discovery of bimodal binding, I speculated that the inhibitory 

effect of SOST may vary for each Wnt subtype, depending on the interaction site 

and affinity for LRP6. 

Using Wnt1, Wnt2, Wnt9b, and Wnt3a, I performed TopFlash assays after 

co-transfection with WT SOST or SOSTtr169 constructs. A clear difference in 

inhibition was observed with Wnt3a versus the other Wnt proteins. That is, SOST 

and DKK1 inhibited Wnt1, Wnt2, and Wnt9b signaling by similar degrees, whereas 

SOST does not inhibit Wnt3a signaling as much as DKK1 (Fig. 32 and Fig. 33). The 

SOSTtr169 mutant inhibited Wnt1 signaling (50%) more than Wnt2 and Wnt9b 

signaling (10%; Fig. 32), suggesting that efficient Wnt2 and Wnt9b inhibition 

requires the SOST C-tail. Intriguingly, SOST∆loop2 showed complete abolishment 

of the inhibitory effect on Wnt1, Wnt2, and Wnt9b signaling. This may reflect the 

lower affinity of SOST∆loop2 for LRP6. Notably, partial Wnt1-signaling inhibition 

was achieved with SOSTtr169, but not by SOST∆loop2, despite their similar affinities 

for LRP6 E1E2 (KD values of 0.9 μM vs. 1.0 μM). These results indicate that the 

Wnt1 binding site on LRP6 may overlap with that of SOST loop 2. 

WT SOST exhibited different inhibitory effects on each Wnt subtype. 
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Strong inhibition of Wnt1 signaling occurred following co-transfection with SOST, 

whereas relatively lower inhibition of Wnt2 and Wnt9b signaling occurred (Fig. 32). 

These data may reflect differences in the affinity of each Wnt subtype for LRP6. 

Binding of Wnt1 to LRP6 appears to be weaker than that of Wnt2 or Wnt9b; thus, 

Wnt1 is easily released from LRP6 by SOST. Therefore, SOST can provide a diverse 

spectrum of Wnt inhibition for various Wnts depending on their LRP6-binding 

affinities and LRP6-binding sites. 
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Figure 32. Inhibitory effects of the SOST mutants on various Wnt-signaling. 

 

The inhibitory effects of WT SOST and SOST mutants on Wnt signaling activated 

by Wnt1, Wnt2, Wnt9b, and Wnt3a were measured by TopFlash assays. Full-length 

DKK1 was also used in the activity assays for comparison with SOST. The error bars 

indicate the standard error of the mean (SEM) of three independent experiments 

(Kim et al., 2020). 
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Figure 33. Inhibition of Wnt3a signaling by SOST at low level of Wnt3a 

 

Inhibition of Wnt3a signaling by SOST WT was observed (~25% reduced activity) 

when low amount of Wnt3a plasmid was transfected. However, Wnt3a-signal 

inhibition by SOST WT was much lower than that by DKK1. SOSTtr169 and 

SOST∆loop2 did not affect Wnt3a signaling. Data from three independent 

experiments (n=3) were analyzed and expressed as mean ± SEM (Kim et al., 2020). 
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CONCLUSION 

SOST is abundantly expressed in osteocytes and functions as an important regulator 

of bone homeostasis. Among the 19 human Wnts, Wnt1, 3a, 4, 5a, 5b, 7b, 9b, and 

10b have been detected in bone tissues and osteoblasts and found to participate in 

new bone formation (Rauner et al., 2008). Wnt2, 4, 5a, 11, and 16 were expressed in 

bone mesenchymal stem cells and implicated in injury repair via osteogenic 

differentiation (Wise et al., 2010). If the SOST-binding site was restricted to LRP6 

E1, only a limited subgroup of Wnts, whose binding sites are on the top surface of 

the LRP6 E1 β-propeller, would be regulated by SOST (Fig. 34). Here, I discovered 

a novel SOST-binding site in LRP6 E2 that increases the binding affinity of SOST 

for LRP6 and promotes more effective blocking of various Wnts (Fig. 34), similar 

to previous observations with DKK1. The concomitant binding of DKK1 to LRP6 

E1 and E3 leads to inhibited activity of various Wnts (Matoba et al., 2017). Moreover, 

the synergistic effect of the N-terminal and C-terminal domains of DKK1, which 

bind to LRP6 E1 and E3, respectively, results in a high-affinity DKK1-LRP6 

interaction, with a KD of 3 nM (Bourhis et al., 2010).  
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Figure 34. Proposed mechanism whereby SOST inhibits Wnt signaling 

 

A schematic model of the mechanism whereby SOST inhibits the canonical Wnt 

signaling pathway. In a previous model (left), only the loop 2 region of SOST was 

suggested to interact with the LRP6 E1 domain, which appears to inefficiently inhibit 

the binding of various Wnt subtypes. The double-headed arrows indicate the 

wobbling motion of SOST, owing to flexibility in the loop 2 region. On the other 

hand, the structural and functional data presented here suggest that the C-terminal 

HNQS region of SOST binds to LRP6 E2, and that the basic cluster region in the far 

C-terminus of SOST may further strengthen the interaction with the E2 domain. 

Based on the SOST C-tail-mediated interaction with E2, I propose a new binding 

model for SOST (right). In this model, tandem interaction of SOST to LRP6 E1 and 

E2 leads to more efficient blockage of Wnt binding (Kim et al., 2020).   
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SOST effectively antagonized Wnt1, Wnt2, and Wnt9b signaling, but not 

Wnt3a signaling (Fig. 32). Structural alignment of LRP6 E1E2-SOSTtr177 with LRP6 

E3E4 (PDB ID 3S8Z) demonstrated that LRP6 E3E4 (which interacts with Wnt3a) 

could not bind SOST. Although most residues of LRP6 E1 involved in SOST binding 

are conserved in LRP6 E3 (Fig. 29), structural analysis predicted that two important 

interactions of SOST N117 and R121 with LRP6 rarely form. First, LRP6 E3 has 

N794 (corresponding to N185 in LRP6 E1, which interacts with N117 of SOST), but 

a similar interaction may be disturbed by the nearby hydrophobic residue L810, 

which corresponds to A201 in LRP6 E1 (Fig. 35). Second, LRP6 E3 does not contain 

a residue corresponding to E73 in E1 (which forms an ionic bond with SOST R121), 

and instead has K684 (Fig. 35). Regarding the SOST C-tail, since most residues 

constituting the ligand-binding pocket of LRP6 E2 are not conserved in LRP6 E4 

(Fig. 29), the SOST C-tail may not interact with LRP6 E4. These structural 

differences clearly explain previous binding-affinity measurements showing that 

SOST does not bind LRP6 E3E4 (Bourhis et al., 2011). However, Wnt3a signaling 

was partially inhibited by SOST (~25%) at low level of Wnt3a (Fig. 32), which could 

occur if SOST binding to LRP6 E1E2 sterically interferes Wnt3a binding to LRP6 

E3. Alternatively, SOST binding may induce certain conformation of LRP6 ECD 

that disfavors Wnt3a binding. To better understand these data, structural information 

for the Wnt3a–LRP6 ECD complex is needed. 
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Figure 35. Structural alignment of SOST-bound LRP6 E1 with LRP6 E3 

 

Alignment of LRP6 E3 (grey, PDB ID 3S8Z) into LRP6 E1 (green) of my complex 

structure (SOST loop 2 in magenta) is presented. LRP6 E1 residues that interact with 

SOST N117, I119 and R121 and their corresponding residues in LRP6 E3 are shown 

in sticks. It is unlikely that the similar handshake interaction between N117 of SOST 

and N185 of LRP6 E1 is formed in LRP6 E3 because nearby bulky L810 collides 

with N117 of SOST. Also, LRP6 E3 does not have the appropriate residue 

corresponding to E73 in E1, which makes an ionic interaction with R121 of SOST, 

and instead has K684 (Kim et al., 2020). 
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Although I demonstrated that the C-terminal region of SOST is important 

for SOST cellular function, our in vivo data obtained using X. laevis embryos and 

cell-based assays suggest that the loop 2 region contains the primary binding site, 

considering that the SOST mutant with loop 2 deletion showed more severe 

deleterious effects on SOST function than the C-terminal truncation mutant. This 

model is consistent with my structural analysis of SOST bound to LRP6 E1E2. First, 

the SOST loop 2–LRP6 E1 interaction is more extensive than the SOST C-terminal 

tail–LRP6 E2 interaction (~540 Å2 vs. ~400 Å2, respectively). Indeed, the average 

B–factor of the NXI motif of loop 2 is lower than that of the C-tail in two 

independent complex molecules in an asymmetric unit (Fig. 36). Second, unlike 

LRP6 E1, the ligand-binding site on LRP6 E2 is not found to be freely available, 

unless rearrangement of the bulging-out loop occurs. Thus, LRP6 binding would 

occur more readily with SOST loop 2 than the C-tail. Nevertheless, my structural 

and functional data suggest that the E2 domain, together with the E1 and E3 domains, 

may serve as an important regulatory role in the Wnt signaling pathway by engaging 

in ligand binding. 
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Figure 36. B-factor putty representation of the complex 

 

The structure of two complex molecules in an asymmetric unit is drawn in cartoon 

putty representations; blue represents the lowest and red the highest B-factor value 

(Kim et al., 2020).   
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The precise mechanism whereby SOST inhibits Wnt signaling through 

LRP5/6 is of great interest, as it represents a potential therapeutic target for bone 

diseases such as osteoporosis (Lewiecki, 2011; MacNabb et al., 2016). A need for a 

drug with high specificity and minimal side effects exists. Previously, a humanized 

monoclonal antibody targeting SOST was developed for treating osteoporosis in 

postmenopausal women (Chavassieux et al., 2019a; Padhi et al., 2011b), but critical 

cardiovascular side effects (such as cardiac ischemia) were reported (Saag et al., 

2017). An antibody targeting both the loop 2 and C-terminal peptides may be another 

option for new osteoporosis drugs with better therapeutic effects and fewer side 

effects.  Collectively, our structural, biochemical, and in vivo findings provide an 

improved understanding of the regulatory mechanism of Wnt signaling in bone 

homeostasis and offer an important basis for the development of osteoporosis 

therapeutics.  
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Collaboration data is printed here with permission. 
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Appendix Figure 1. Mass Spectrum analysis of the cross-linked peptide 
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(A) Extracted ion chromatograms of the doubly or triply charged peptide crosslink 

precursor ions, which are evidently co-eluted with highly accurate mass 

measurement as the high resolution mass spectra corresponding to the respective 

precursor ions are shown together.  

(B) Annotated tandem mass spectrum for the doubly charged crosslink ion. The 

internal fragment ions from the most intense ‘L-B8+S’ ions were specified as green 

color.  

(in collaboration with Jeesoo Kim and Jong-Seo Kim (Kim et al., 2020)) 
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Appendix Figure 2. Assessing the inhibitory effect of SOST on Wnt signaling in 

Xenopus embryos 
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(A) The transverse dark-brown line indicates the normal position of the axis. The 

yellow arrow indicates the position of the second ectopic axis. Wnt1 induced 

formation of the second ectopic axis, and successfully inhibiting Wnt resulted in the 

formation of a single axis. Embryos at the four-cell stage were co-injected in a 

ventro-vegetal blastomere with 50 pg Wnt1 mRNA (n = 104), 25 pg SOST mRNA 

(n=106), 25 pg SOSTtr169 mRNA (n=98), 25 pg SOSTtr177 mRNA (n=119), 25 pg 

SOSTtr204 mRNA (n=104) and 25 pg SOST∆loop2 mRNA (n = 96). (n, number of 

embryos). 

(B) The percentage of embryos with a second axis. The error bars indicate the 

standard error of the mean (SEM) of three independent experiments and P-values by 

two-tailed t test. The number of injected embryos is indicated in (A). 

 

(in collaboration with Wonhee Han (Kim et al., 2020)) 
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Appendix Figure 3. Does-dependent effect of SOSTtr169 on the 2nd axis formation 

of Xenopus embryo 

 

(A) Representative images of Xenopus embryos with injections of 50 pg Wnt1 

mRNA and two different amounts of WT SOST mRNA or SOSTtr169 mRNA are 

shown on the left. Yellow arrow indicates the 2nd axis in Xenopus.  

(B) The percentage of the embryos with second axis are plotted as a bar graph. Each 

experiment was carried out as follows: uninjected (n = 50), control (n = 18), SOST 

125 pg (n = 48), SOST 50 pg (n = 19), SOST 25 pg (n = 51), SOSTtr169 125 pg (n = 

42), SOSTtr169 50 pg (n = 15), SOSTtr169 25 pg (n = 53), SOST∆loop2 125 pg (n = 

43), SOST∆loop2 25 pg (n = 28). (‘n’ represents the number of embryos used in each 

experiment.) 

(in collaboration with Wonhee Han (Kim et al., 2020)) 
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Appendix Figure 4. Assessing the inhibitory effect of SOST on Wnt signaling in 

Xenopus embryos 

 

Real-time qPCR analyses of the expression of genes directly targeted by Wnt, 

namely siamois (A) and nodal 3.1 (B) from animal cap explants isolated at stage 8 

and grown to stage 11. The error bars indicate SEMs from three independent 

experiments and P-values by two-tailed t test 

 

(in collaboration with Wonhee Han (Kim et al., 2020)) 
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국문초록 

 

윈트 신호전달은 배아 발생, 형태 형성, 골 항상성 등에 있어서 중요한 

역할을 담당한다. 윈트 리간드는 프리즐드 막관통수용체에 결합하여 

여러 하위 신호를 유도하며 특히 베타-카테닌 의존 윈트 신호전달 

경로에는 저밀도 지단백질 수용체 관련 단백질 6 (LRP6) 보조 

수용체가 필수적으로 참여한다. 이 LRP6 단백질의 세포외도메인에는 

윈트 단백질뿐만 아니라 다양한 조절자 단백질이 결합하여 정교하게 

신호를 조율할 수 있다. 골조직에서 발현되는 스클레로스틴 (SOST) 

단백질은 LRP6에 결합해 윈트 신호전달을 방해하는 조절자로 

조골세포의 골세포 분화를 억제한다. 이를 통해 SOST는 골 형성 

억제자로 기능하여 골 항상성 유지에 중요 역할을 담당한다. 이와 함께 

SOST를 억제하는 전략이 골다공증 치료의 새로운 방법으로 제시되면서 

관련 구조 연구와 복합체 연구가 중요해졌다. 과거 핵자기공명분광법 

기반 SOST 구조분석과 LRP6 세포외도메인 1 (E1)-SOST 펩타이드 

복합체 결정구조를 통해 SOST의 loop2 부분이 LRP6에 결합하여 

WNT 신호전달을 방해한다고 알려져 있었다. 하지만 이러한 작용기전 

모델은 SOST loop2 펩타이드보다 높은 SOST의 LRP6 결합력을 

설명할 수 없었고 LRP6 세포외도메인 1 (E1) 보다 LRP6 

세포외도메인 1-2 (E1E2)에 SOST가 더 높은 결합력을 보이는 현상 

또한 설명할 수 없는 한계가 있었다. 본 연구에서는 X-ray 결정학을 
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통해 LRP6 E1E2-SOST 복합체의 삼차원 구조를 해석하였다. 밝혀낸 

복합체 구조를 통해 SOST의 C-말단과 LRP6 E2 도메인 사이의 

추가적인 결합 부위를 확인할 수 있었고 loop2 펩타이드와 더불어 두 

개의 상호작용 부위가 나란히 있는 결합 모델을 제시하였다. 이 새로운 

C-말단 상호작용 모델은 미세 규모 열 영동 (MST) 기반 in vitro 

해리상수 측정 및 세포 기반 윈트 활성 분석을 통해 검증되었다. 

추가적으로 Xenopus laevis 배아를 사용하여 생체 내에서 SOST의 

loop2와 C-말단의 윈트 신호전달 억제 효과를 확인할 수 있었다. 이를 

종합하여 분자 수준에서 윈트 신호전달에 대한 SOST의 새로운 억제 

작용기전을 제시했고 골 항상성 조절의 정교한 모델을 세울 수 있었다.   

.......................................................................................................... 

 

주요어 : 윈트 신호전달, 저밀도 지단백질 수용체 관련 단백질 6 

(LRP6), 스클레로스틴, X-ray 결정학  
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