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The DAN (differential screening-selected gene aberrative in neuroblastoma) family are a
group of secreted extracellular proteins which typically bind to and antagonize BMP
(bone morphogenetic protein) ligands. Previous studies have revealed discrepancies
between the oligomerization state of certain DAN family members, with SOST (a poor
antagonist of BMP signaling) forming a monomer while Grem1, Grem2, and NBL1 (more
potent BMP antagonists) form non-disulfide linked dimers. The protein SOSTDCH1
(Sclerostin domain containing protein 1) is sequentially similar to SOST, but has been
shown to be a better BMP inhibitor. In order to determine the oligomerization state of
SOSTDC1 and determine what effect dimerization might have on the mechanism of DAN
family antagonism of BMP signaling, we isolated the SOSTDC1 protein and, using a
battery of biophysical, biochemical, and structural techniques, showed that SOSTDCH1
forms a highly stable non-covalent dimer. Additionally, this SOSTDC1 dimer was shown,
using an in vitro cell based assay system, to be an inhibitor of multiple BMP signaling
growth factors, including GDF5, while monomeric SOST was a very poor antagonist.
These results demonstrate that SOSTDC1 is distinct from paralogue SOST in terms of
both oligomerization and strength of BMP inhibition.

Introduction
Bone morphogenetic proteins (BMPs) are the largest subclass of the transforming growth factor-B
(TGF-B) family of extracellular signaling proteins, containing ~15 of the 33 family members identified
in mammals [1-4]. BMP proteins regulate a host of fundamental regulatory pathways that are import-
ant for bone and organ development, wound healing, and tissue homeostasis [4-10]. BMP signaling is
primarily mediated though binding to a heterotetrameric complex of 2 type I and 2 type II membrane-
bound serine/threonine kinase receptors (BMPRs) [4,11-14]. Upon ligand binding, the intracellular
kinase domain of the type II receptors phosphorylates the type I receptors, triggering intracellular Smad
signal transduction cascades [4,15-18]. Phosphorylation of the BMP-specific intracellular Smads
(Smad-1, -5, and -9) allows them to bind the partnering co-Smad, Smad-4 [4,15-17,19-21]. This Smad
complex associates with other DNA-binding proteins and accumulates in the nucleus to induce
transcriptional activation of target genes [4,15-18,21-23]. Given the wide array of different biological
functions these proteins govern, it has become apparent that the fine-tuning the activity of these potent
signaling molecules is a key component of their biology. Accordingly, BMP signaling is carefully regu-
lated at both the intracellular and extracellular levels. Over the last 25 years, an increasing number of
secreted protein antagonists of BMP signaling have been described [24,25]. While differing greatly in
terms of structure, these antagonists generally function by directly binding to BMP proteins blocking
the receptor binding sites, to prevent the formation of the signaling complexes. In vertebrates, the most
common BMP antagonists are noggin, chordin, follistatin, and members of the DAN family [26-31].
The DAN family (Figure 1A) consists of seven members (SOST, SOSTDC1, NBL1, DANDS5,
Cerberus, Gremlinl [Greml] and Gremlin2 [Grem2]) that maintain a conserved Cysteine-Rich
Domain (CRD) [29]. The CRD forms a cystine knot that stabilizes the secondary structures of DAN
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Figure 1. SOSTDCH1 in the context of the DAN family.

(A) A phylogenetic representation of the DAN family. Signal sequence in grey, N-terminal region in blue, cysteine-rich domain
(CRD) in green, C-terminal region in orange. SOSTDC1 is most similar to SOST, with 37% identity. (B) Currently available
solved structures of DAN family members [32,40-42]. Gremlin 1, Gremlin 2 and NBL1 form non-disulfide linked dimers
stabilized by extensive hydrogen bonding between antiparallel B-strands (shown in red). (C) Multiple sequence structural
alignment of the CRDs of the DAN-family, generated using the TCoffee Expresso alignment website and modified to reduce
gaps [43]. B-strand regions of solved structures as determined by PyMOL highlighted in yellow. Regions involved in
dimer-stabilizing hydrogen bonding in red. Predicted B-strand formation (as determined by SABLE) for all family members
underlined [44-46]. Black arrows denoting B-strand based off of the structure of Gremlin 2 (PDB ID:4JPH) [32,40]. Conserved
cysteines highlighted in blue, connected to form the cystine-knot. Residues that form the binding interface between Grem2 and
GDF5 marked with asterisks, most important residues for robust GDF5 inhibition marked with a red asterisk [47].

family proteins (Figure 1C) [29]. A number of family members have been shown to inhibit BMP signaling
through direct antagonism of the ligand. For example, Grem2 inhibits the BMP ligands, BMP2, BMP4 and
BMP7 with ICsq values in the low nanomolar range [32,33]. However, DAN family proteins can have activities
outside BMP signaling and have been shown to impact other pathways, such as Wnt, VEGF, and even other
members of the TGFp family [34-37]. Specifically, both SOST and SOSTDC1, which share 37% identity, have
been shown to inhibit Wnt signaling through interaction with the Wnt co-receptor, LRP5/6 [34,37-39].
SOSTDCI (historically referred to as Wise, Ectodin, and uterine sensitization-associated gene 1 [USAG1])
was independently discovered through genome wise association studies and functional screens by two groups
in 2003 [30,48]. The first of these studies initially categorized SOSTDCI as a conditional activator or inhibitor
of canonical Wnt/B-catenin signaling [30]. The second study identified SOSTDCI1 as a BMP antagonist using
biochemical techniques [48]. Specifically, direct binding interactions between SOSTDCI and BMP2, 4, 6 and 7
was measured in the nanomolar range by surface plasmon resonance [48]. Additionally, cell-based alkaline
phosphatase assays were used to measure BMP inhibition in an in vitro context, indicating robust inhibition of
BMP2, 4 and 7 [48]. Subsequent studies have also reported that both SOSTDC1 and SOST inhibit Wnt
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signaling by competitive binding to the Wnt co-receptor, LRP5/6, corroborating the original findings and
demonstrating the importance of SOSTDC1 in regulating multiple different signaling pathways [38,49,50].

In the last decade, DAN family members have been structurally characterized by both NMR and X-ray crys-
tallography. The first NMR structures of SOST revealed a single monomeric protein with a growth factor-like
fold of reciprocating B-stands (Figure 1B) [40,51]. Subsequent structural studies on other DAN family
members, including Grem1, Grem2 and NBLI, revealed a similar growth-factor like fold, however these pro-
teins were shown to adopt a dimeric form (Figure 1B) [32,41,42]. Interestingly, dimers of Greml, Grem2 and
NBL1 are highly stable and formed through extensive hydrogen bonding along antiparallel B-strands of adjacent
chains, specifically the conserved B2 strand (Figure 1B,C) [32,41,42,52]. Although Greml and Grem2 contain
an odd number of cysteines, it was shown that dimerization is not mediated by a disulfide bond as observed
with TGFP ligands. In fact, NBL1 has an even number of cysteines, shown to form 5 intramolecular disulfide
bonds, and still forms a stable dimer. Likewise, SOST and SOSTDC1 have an even number of cysteines.
Furthermore, this dimerization appears to play a key mechanistic role in how the DAN family proteins interact
with BMP ligands as revealed by the crystal structure of Gremlin2 bound to GDF5 [47]. This study revealed
that a single Grem?2 dimer can simultaneously bind to two BMP proteins, increasing the avidity of the inter-
action and potentially introducing an aggregation mechanism that may explain the extreme potency of Grem?2
as a BMP inhibitor. Additionally, prior to binding ligand, Grem?2 positions a helix over the CRD of the dimer
to shield hydrophobic residues that directly contact the ligand (Figure 1C) [47]. Monomeric SOST, in direct
contrast, seems have little to no impact on BMP signaling on a biological level, but rather serves exclusively as
a functional Wnt antagonist [37].

Taken together, it appears that oligomerization differences which occur within the DAN family might con-
tribute to their functional differences to modulate specific signaling pathways. As previously mentioned,
SOSTDCI is most similar to monomeric SOST, both in terms of sequence identity and biological activity [29].
There is a particularly high degree of similarity between SOST and SOSTDC1 within the CRD, particularly in
the region corresponding to the dimer interface and residues associated with BMP antagonism in Grem?2
(Figure 1C). In contrast with SOST, a 2009 study by Lintern et al. [50] provided evidence that SOSTDCI1 can
form a dimer in the presence of chemical cross-linkers. This leads to the question of whether SOSTDC1 exists
as a monomer like SOST, or whether it forms a dimer like other DAN family members. As such, determining
the oligomerization state of SOSTDC1 is an important component to a complete understanding of the mechan-
ism by which SOSTDC1 inhibits BMP signaling. In this study, we show, using a series of biochemical techni-
ques, that SOSTDCI1 forms a highly stable, non-disulfide linked dimer, similar to most DAN family members
but distinct from the paralog SOST. In addition, we demonstrate the functional differences between dimeric
SOSTDCI1 and monomeric SOST, supporting the hypothesis that dimerization is a key component of DAN
family specific BMP inhibition.

Methods

Recombinant ligands and detection antibodies

BMP7 was purchased from PeproTech. GDF5 was produced in-house using published protocols [47,53].
Primary antibodies used for western blot were polyclonal sheep anti-hUSAGI (RRID:AB_10972765) and
monoclonal mouse anti-hSOST (RRID:AB_2195349) were purchased from R&D. Secondary antibodies used
were goat anti-mouse IgG:Alkaline Phosphatase (Calbiochem, RRID:AB_437853) and donkey anti-sheep IgG:
Horse Radish Peroxidase (R&D, RRID:AB_562591).

Generation of SOSTDC1 and SOST expression constructs

The chicken SOSTDC1 (¢SOSTDC1) gene (amino acid residues 23-206) was cloned into the pET21a expres-
sion vector (pET-cSOSTDC1) using the pCS2-Flag-cSOSTDCI plasmid as a template (provided by Nobue
Itasaki, University of Bristol) [50]. The human SOSTDC1 gene (full-length) was generated by gene synthesis
and codon optimized (GenScript), then cloned into pcDNA4 adding a C-terminal tag that included
(PreScission Protease (PP) cleavage site (LEVLFQGP), 6x myc-tag and 8x His-tag) to generate the plasmid,
pCDNA4-hSOSTDCI1-PP-Myc-His. The human SOST/pcDNA3.1+ (full-length) was purchased from Addgene
(RRID:Addgene_10842) [54].
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Expression and purification of cSOSTDC1

The pET-cSOSTDC1 vector was transformed into BL21 DE3 (Rosetta). Expression was carried out for 16-18 h
at 20°C following induction with 0.5 mM IPTG. Cell pellets contained inclusion bodies of c<SOSTDC1 which
were resuspended at 4°C in 3 volumes (w/v) of re-suspension buffer (phosphate buffered saline (PBS) supple-
mented with 0.35 mg/ml lysozyme, 10 pwg/ml DNasel and 2 mM MgCl,) and stirred for 30 min at room tem-
perature. The mixture was sonicated and clarified by centrifugation at 7000xg at 4°C for 30 min. The inclusion
body pellet was washed twice with PBS supplemented with 0.5% (v/v) Triton X-100 and 1 mM EDTA, and
once with PBS. The inclusion bodies were solubilized in 100 mM Tris, 8 M urea, 100 mM Na,SOs3, 10 mM of
Na,S406, 1 mM EDTA (pH 8.5). c¢SOSTDC1 was isolated by SEC using a HiPrep Sephacryl S200 16/60
column equilibrated with 0.1 M Tris, 1 M NaCl, 6 M urea, 50 mM MES, 1 mM EDTA (pH 6.0) and subjected
to oxidative refolding for 5 days in 100 mM Tris with 150 mM NaCl, 1 mM oxidized glutathione, 1 mM
reduced glutathione, 1 mM EDTA and 0.5 M arginine (pH 8.5), similar to Grem2 [33]. Refolded ¢SOSTDC1
was further purified by heparin affinity chromatography and dialyzed into 20 mM HEPES with 150 mM NaCl
(pH 7.5).

Expression and purification of hSOSTDC1

hSOSTDCI1 was transiently expressed for 7 days in Expi293F cells. hSOSTDCI was purified using heparin resin
equilibrated with 20 mM HEPES with 1 mM EDTA (pH 7.5), washed, and eluted with 1 M NaCl. The eluate,
containing the hSOSTDCI protein, was further purified using Ni-NTA XL resin equilibrated with 50 mM
NaH2PO4 and 150 mM NaCl (pH 8.0) and, eluted with the addition of 500 mM imidazole. hSOSTDC1 was
purified by SEC using a HiLoad Superdex S200 16/60 equilibrated with 20 mM HEPES, 1 M NaCl, 5% (v/v)
glycerol (pH 7.5). The myc his tag was removed with PreScission Protease and the untagged protein was iso-
lated by heparin affinity chromatography. Finally, purified hSOSTDC1 was dialyzed into 20 mM HEPES with
150 mM NaCl (pH 7.5).

Expression and purification of hSOST

The hSOST plasmid was transiently expressed for 4 days in FreeStyle 293F cells. hSOST was purified using SP
Sepharose resin equilibrated with 20 mM HEPES (pH 6.5), washed, and eluted with 1 M NaCl, followed by
SEC using a Superdex S200 10/300 equilibrated with 20 mM HEPES, 1 M NaCl, 1 mM EDTA (pH 7.5).
Purified protein was then dialyzed into 20 mM HEPES, 150 mM NaCl (pH 7.5). hSOST was deglycosylated
using DeGlycoMx (QA-Bio) for 4h at 4°C and subsequently purified by SEC. Purified protein was then
dialyzed into 20 mM HEPES,150 mM NaCl (pH 7.5).

Analytical size-exclusion chromatography (SEC)

Size exclusion chromatography was performed using a Superdex S75 HR 10/300 column at room temperature,
flow rate of 0.5 ml/min. The column was pre-equilibrated with 20 mM HEPES,1 M NaCl (pH 7.5) buffer, or
50 mM Citrate and 1 M NaCl (pH 6.5, 5.5, 4.5, or 3.0). Approximately 100-150 pg of protein was loaded for
each run. The molecular mass standards used for comparison were bovine serum albumin (BSA) (67 kDa),
ovalbumin (43 kDa) and chymo-trypsinogen (25 kDa).

Analytical ultra-centrifugation (AUC)

Protein samples were dialyzed into AUC buffer (20 mM HEPES, 150 mM NaCl [pH 7.5] or 50 mM Citrate,
150 mM NaCl, [pH 6.5, 5.5, 4.5, or 3.0]) prior to analysis. Sedimentation velocity ultracentrifugation experi-
ments (AUC) were carried out using a Beckman Optima XL-I analytical ultracentrifuge (Beckman Coulter,
Fullerton, CA), An60-Ti rotor, and absorbance optics. Samples were loaded into Beckman AUC sample cells
with 12-mm optical path two-channel centerpieces, with matched buffer in the reference sector. Absorbance
was monitored at peak wavelengths determined using a Nanodrop One spectrophotometer (Thermo). The cen-
trifugation was performed at 48,000 rpm at 20°C, and 300-400 scans were collected at 2 min intervals over
16 h. The observed sedimentation boundaries were fitted to yield a c(s) plot according to the Lamm equation
using SEDFIT [55]. Buffer densities, and protein viscosities and partial specific volumes were calculated using
SEDNTERP [56]. Molecular mass estimates were determined after determining the coefficient of friction (c(S))
and then fitting the frictional ratio, and are based on a continuous ¢(M) analysis in SEDFIT.
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Chemical cross-linking

An amount of 4 ng samples of purified protein were incubated with 0.01% (v/v) glutaraldehyde for 20 min at
room temperature to induce chemical cross-linking. Native cross-linking reactions were performed in buffer
alone (20 mM Hepes,150 mM NaCl pH 7.5]) or buffer with the addition of SDS as indicated. The cross-linking
reaction was then neutralized with 1 M Tris (pH 8.0) to a final concentration of 200 mM. Samples were
normalized with the highest percentage of SDS prior to PAGE analysis. All conditions were separated by
SDS-PAGE under non-reducing conditions.

Luciferase reporter assay

A BMP-responsive luciferase reporter osteoblast cell line (BRITER, RRID:CVCL_0P40), provided by Amitabha
Bandyopadhyay (Indian Institute of Technology), was used to measure BMP activity as previously reported
[32,57]. Briefly, cells were grown overnight in o-minimal essential medium with 10% (v/v) FBS, 100 pg/ml
hygromycin B, 100 units/ml penicillin, and 100 pg/ml streptomycin in 96 well plate at 37°C in 5% CO2. The
medium was replaced with DMEM/high glucose with penicillin, streptomycin, and 0.1% (w/v) bovine serum
albumin and starved for a further 4-5h. The cells were then treated with either exogenous BMP2 (at a final
concentration of 1 nM), BMP7 (4 nM) or GDF5 (5 nM) alone or mixed with serial dilution of ¢cSOSTDCI,
hSOSTDCI1 or hSOST. After 3 h, cells were lysed in 25 pl/well of Passive Lysis Buffer (Promega), mixed with
40 pl/well of luciferase substrate (Promega) and luminescence was measured using a BioTek Synergy H1 plate
reader. Data was analyzed using GraphPad Prism, to determine variable slope inhibition curves. ICs, values
were calculated by fitting data to a nonlinear regression using a least-squares fit, with unconstrained Hillslope,
maximum and minimum parameters. All experiments were performed in duplicate.

In-line SEC-SAXS

SAXS data of ¢cSOSTDC1 were collected using SIBYLS mail-in SAXS service as previously described [58-62].
In brief, cSOSTDCI protein (at concentrations of 3.4 and 5.6 mg/ml) were mailed to the SIBYLS beamline and
isolated over a Shodex 803 SEC column to ensure a disaggregated sample immediately followed by SAXS mea-
surements. ScAtter (SIBYLS) and the ATSAS program suite (EMBL) were used for data analysis. Comparison
of the experimental scattering profiles to known homology models produced from crystal structures (using
SWISS-MODEL, with additional unstructured residues modeled) was performed using the FoXS webserver
[63-65].

Results
Computational analysis of SOSTDC1

To determine if we could gain insight into whether SOSTDC1 would form a monomer or a dimer, we first per-
formed a structural sequence alignment of DAN family members whose structures have been determined using
the TCoffee Expression multi-sequence alignment server (Figure 1B,C) [43]. Structures of Greml, Grem2, and
NBL1 have previously revealed a highly stable dimer which included an antiparallel B-strand at the dimer inter-
face. Given this structural feature, we wanted to determine if secondary structure prediction (using the SABLE
protein prediction server) across the DAN family when compared with the experimentally derived structures
could yield insight into the structure of SOSTDCI and the potential for a similar dimerization mechanism
(Figure 1C) [44-46]. While in general the secondary structure predictions accurately identified all four of the
major B-strands, the length of these B-strands were much longer in the experimentally derived crystallographic
and NMR structures than those predicted by SABLE. This was particularly apparent for B-strand 2 (2) where
only the N-terminal half of the strand was predicted correctly, leaving out residues in the second half of the
intermolecular antiparallel B-strand that stabilizes the dimer (Figure 1C). However, in SOST the secondary
structure prediction matches the secondary structure determined by NMR, where the truncated 2 only consists
of the a few N-terminal residues, as compared with the dimeric family members. Interestingly, secondary struc-
ture prediction of SOSTDCI suggests even less in the way of B-strand-like features in the dimerization B-strand,
B2. This analysis implies that SOSTDC1, similar to SOST, would likely be monomeric. Thus, to reconcile the
cross-linking data that SOSTDCI exists as a dimer with the computational evidence that SOSTDCI lacks the
molecular features of other DAN family dimers required for dimerization, this study characterized the oligo-
meric state of recombinant SOSTDCI using a number of orthogonal biophysical approaches and compared
these results to purified SOST.
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Production of SOSTDC1 protein

To produce the milligram quantities of SOSTDCI required for this study, chicken SOSTDC1 (cSOSTDC1)
(20.7 kDa) was expressed in E. coli. Analysis of expression showed that cSOSTDCI1 was exclusively located in
the insoluble fraction as inclusion bodies. The inclusion bodies were resolubilized and partially purified by size
exclusion chromatography (SEC) (Figure 2A). Since all DAN family members contain a number of cysteine
residues that form multiple disulfide binds, cSOSTDC1 was subsequently subjected to oxidative refolding for
five days using a protocol similar to previous reports [33]. During this process, daily samples of ¢<SOSTDC1
were analyzed by SEC. Initially, cSOSTDCL eluted as two distinct peaks, consistent with predicted monomer
(21 kDa) and dimer (43 kDa) species (Figure 2B). Over time, the monomer-sized peak slowly decreased and
the dimer-sized peak increased. After 5 days, cSOSTDCI was further purified by heparin affinity chromatog-
raphy to remove residual misfolded material (Figure 2C). The resulting correctly folded protein sample eluted
as a single peak when analyzed by SEC with a molecular mass consistent with a dimer (43 kDa) (Figure 2D).
Analysis by SDS-PAGE under non-reducing and reducing conditions shows that the dimer is not covalently
linked through a disulfide bond (Figure 2D). There is a trace contaminating band at ~40 kDa that is present in

A 153kDa 44kDa 17kDa
800 L ] ] ]

43 -
34 n
26

6004 _— — —'M

@

A280 (mAU)
D
3
Relative A280 (mAU)
1% %
< ~< < <
o - w w

O . r — ¥ r r
0 50 100 150 200 6 8 10 12
Retention Volume (mL) Retention Volume (mL)
c D
300m L .
34
26 153kDa 44kDa 17kDa
— am B o DD e ! 1 1 1
17 —— 60
> i = NR 4 R
= 1S
£ £ o1 34
o o 26
% 100s g I S
< <C - 17 -
20"
On
y ” » 0 0 v v v
50 100 150 6 8 10 12
Retention Volume (mL) Retention Volume (mL)

Figure 2. Production of cSOSTDC1.

(A) Solubilized inclusion bodies purified by size-exclusion chromatography (SEC), and visualized with SDS-PAGE under reducing conditions.
Fractions labeled with a blue line were pooled for refolding. (B) Transition from unfolded to refolded cSOSTDC1 over the 5-day refolding process,
visualized by analytical SEC. (C) Refolded cSOSTDC1 purified by heparin affinity chromatography, eluted with a step gradient of increasing NaCl
(marked in green), and visualized by SDS-PAGE under non-reducing conditions. Fractions labeled with a blue line were pooled for analysis. (D) Pure
cSOSTDC1 was evaluated by analytical SEC The protein eluted at a volume consistent with a 43 kDa dimer instead of the 21 kDa monomer shown
by SDS-PAGE in both reducing (R) and non-reducing (NR) conditions. Gel ladder values in kDa. Load run in lane L. SEC standards shown for

(B) and (D).
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both reducing and non-reducing conditions. These contaminants are sometimes observed during overproduc-
tion in bacteria where the protein is packaged into inclusion bodies, however, since it is less than 3% of the
total protein we do not anticipate interference with analysis of the primary species.

Biochemical and biophysical analysis of SOSTDC1 oligomerization state

While this analysis indicated that cSOSTDCI1 was dimeric, deriving accurate molecular masses from SEC can
be confounded by the shape of the proteins and interactions with the column resin. To resolve this issue, we
employed orthogonal approaches to confirm the oligomerization state of cSOSTDCI. First, we used the chem-
ical cross-linker glutaraldehyde (GA) to form artificial covalent bonds between amino acid residues in close
contact with each other. This served to stabilize any non-disulfide linked oligomerization for visualization by
SDS-PAGE. As shown in Figure 3A, glutaraldehyde-treated cSOSTDC1 migrated at ~43 kDa on a standard
SDS-PAGE gel, consistent with the mass of dimeric cSOSTDCI. Furthermore, the dimeric band was disrupted
with the addition of sodium dodecyl sulfate (SDS), showing that this interaction is specific and likely dependent
on the overall protein fold of cSOSTDCI.

Additionally, we performed sedimentation velocity analytical ultracentrifugation (AUC) to determine, very
precisely, the mass of a single particle of cSOSTDCI1. Recombinant cSOSTDCI1 at a concentration of 500 jLg/ml
was dialyzed into 20 mM HEPES with 150 mM NaCl (pH7.5), and analyzed by AUC at 48 000 rpm for
300-400 scans (Figure 3B). The normalized continuous sedimentation coefficient distributions c(s), which
account for 91% of the observed molecules, from the sedimentation velocity AUC experiments confirmed that
cSOSTDC1 was comprised of one single species with sedimentation coefficient of 2.89S and a best-fit frictional
ratio of 1.39. These results correspond to a molecular mass of 38.1 + 8.4 kDa and is consistent with two chains
of cSOSTDCI. Experiments were also performed at concentrations of 250 pg/ml and 1 mg/ml to determine if
there was a concentration-dependent observation in the molecular mass of cSOSTDCI (data not shown). All
experiments resulted in similar sedimentation profiles, yielding a single sedimentation peak consistent with a
dimeric protein configuration.

While, there is no experimentally determined high-resolution structure of SOSTDCI available, low-resolution
structural information can be used to further analyze the monomer/dimer structural questions. In conjunction
with the SIBLYS beamline at ALS, we performed in-line Size Exclusion Chromatography — Small Angle X-Ray
Scattering (SEC-SAXS) on cSOSTDCI. The raw SEC-SAXS data was analyzed using ScAtter (SIBYLS) and the
ATSAS program suite (EMBL), and confirmed to be disaggregated (Supplementary Figure S1). The online
FoXS server was used to compare the experimental data to theoretical scattering curves modeled using both
monomeric and dimeric homology models of SOSTDCI, based on the structures of SOST (PDB ID: 2K8P),
Greml (PDB ID: 5AE]), Grem2 (PDB ID: 4JPH), NBL1 (PDB ID:4X1J), and Norrin (a dimeric protein
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Figure 3. Validation of cSOSTDC1 dimer.

(A) cSOSTDC1 dimer chemically fixed by glutaraldehyde (GA) cross-linking and visualized by SDS-PAGE in non-reducing
conditions. The interaction was disrupted by the addition of SDS. Gel ladder values in kDa. (B) Representative sedimentation
coefficient distribution profile as determined sedimentation velocity analytical ultracentrifugation. C(s) =2.89 + 0.168; C(m) =
38.1+8.4 kDa.
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structurally similar to the DAN-family, that acts as a Wnt signaling agonist, PDB ID:5BQ8) generated using
Swiss-MODEL (Figure 4) [32,40-42,63-66]. The monomeric model based on SOST fit the experimental data
(x* = 15.77) substantially worse than any of the dimeric models (NBL1 y* = 2.82, Grem1 x* = 3.41, Grem2 3’ =
3.05, Norrin %> = 3.50). While the SAXS data is not sufficient to distinguish higher resolution structural fea-
tures, such as whether SOSTDCI forms a structure substantially more similar to NBL1 than the other dimeric
proteins, it clearly supports the hypothesis that SOSTDCI1 forms a dimeric as opposed to a monomeric species.

Model of Dimeric SOSTDC1

® 100,
* SEC-SAXS
Lk = Dimer fit X*°=2.8
: = Monomer fit X>=15.77
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Figure 4. Validation of SOSTDC1 dimer by SEC-SAXS.

(A) Monomeric and dimeric homology models of SOSTDC1, based off of the structures of SOST (PDB ID:2K8P) and NBL1
(4X1J), generated using SWISS-MODEL [32,40,64]. (B) cSOSTDC1 analyzed by in-line SEC-SAXS. The intensity distribution of
the SAXS scattering (in black) was compared with theoretical scattering profiles generated using the monomeric and dimeric
models of SOSTDC1 using the FoXS server [43,65].
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Analysis of the stability of the SOSTDC1 dimer
The monomeric nature of SOST, coupled with the secondary structure prediction of cSOSTDCL that indicated
a lower propensity to form the critical intermolecular B2 strand that forms the dimer interface (Figure 1C),
compelled us to consider the stability of the ¢cSOSTDC1 dimer. Therefore, we wanted to determine if
cSOSTDC1 formed a highly stable, noncovalent dimer as observed for Greml, Grem2 and NBL1 [32,41,42].
Here, we tested the stability of cSOSTDCI1 under several potentially denaturing conditions. Initially, we exam-
ined the stability of the ¢cSOSTDC1 dimer in the presence of chemical denaturing reagents. Samples of
cSOSTDCI1 protein were dialyzed into increasing concentrations of urea, up to 6 M. These samples where then
analyzed by SEC, using columns equilibrated with the appropriate urea buffer (Figure 5A). In all of these
conditions, the cSOSTDCI1 dimer remained remarkably stable, eluting from the column in a single peak with a
retention volume consistent with a 43 kDa dimer.

We also determined the stability of the cSOSTDC1 dimer across a range of pH values. Purified c<SOSTDC1
was dialyzed into HEPES/NaCl or Citrate/NaCl buffers at different pHs (6.5-3.0) and then analyzed by SEC
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Figure 5. Stability of the cSOSTDC1 dimer.
(A) cSOSTDCH1 dialyzed into increasing concentrations of denaturing urea, analyzed by analytical SEC. cSOSTDC1 maintains
its dimeric state even in the presence of 6 M urea. (B) cSOSTDC1 dialyzed into buffers of decreasing pH and analyzed by SEC.
(C) cSOSTDCH1 dialyzed into buffers of decreasing pH and analyzed by AUC. (B and C) SOSTDC1 is dimeric at all pH values
expect pH 3.0 where it transitions to a monomer. (D) Monomeric cSOSTDC1 and Grem2 at low pH spontaneously reform
dimer when returned to pH 7.5, analyzed by SEC. SEC standards are shown for (A) and (B) as tic marks.
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(Figure 5B). The cSOSTDCI1 dimer remained stable down to pH 4.5. However, at pH 3.0 SOSTDCI eluted as a
monomer. Similar observations were shown using sedimentation velocity (Figure 5C). The stability of the
SOSTDCI1 dimer is consistent with the observed behavior of another DAN family member, Grem2, which has
previously been shown to form a highly stable non-disulfide linked dimer, similarly resistant to disruption [52].
Interestingly, when monomeric SOSTDCI1 at pH 3.0 was neutralized to a pH of 7.5 and re-evaluated by SEC,
the protein eluted as a dimer species with no monomeric species present (Figure 5D). This behavior was also
observed for Grem2, indicating that these monomers readily recombine in an ordered manner to form the
stable dimer (Figure 5D).

Biochemical comparison of cSOSTDC1 to natively produced hSOSTDC1 and
hSOST

While the bacteria- produced cSOSTDCI protein allowed us to generate quantities needed for the above experi-
ments, we wanted to confirm our findings using protein that was produced in mammalian cell-culture, and
thus retained native folding and glycosylation. A construct containing the gene for human SOSTDCI1
(hSOSTDCI) fused to a cleavable C-terminal myc-His tag into HEK Expi293F cells was transiently transfected
into Expi293F cells, and the protein was recovered from conditioned medium. The hSOSTDCI, although
similar in terms of mature protein sequence (87% sequence identity, 93% similarity) to the bacterial construct
of c¢SOSTDCI1, did not have to undergo refolding and contained native glycosylation. As such, it served as an
excellent control to validate our bacterially-refolded cSOSTDCI1. The human variant of SOSTDC1 was purified
to homogeneity from conditioned medium (Supplementary Figure S2A-C) and analyzed by SEC and glutaral-
dehyde cross-linking. Similar to ¢cSOSTDC1, hSOSTDC1 was also shown to behave predominantly as dimer
(Supplementary Figure S2D,E). The protein eluted at a volume consistent with a 60 kDa dimer instead of the
30 kDa monomer shown by SDS-PAGE in both reducing (R) and nonreducing (NR) conditions
(Supplementary Figure S2D). The increase in mass of hSOSTDC1 compared with ¢SOSTDCI1 is a product of
glycosylation. Additionally, hSOSTDC1 displayed the same pH-dependent dimerization behavior that was
observed in ¢cSOSTDC1 and Grem?2 (Supplementary Figure S2F).

The somewhat surprising conclusion that SOSTDCI1 formed a highly stable non-covalently linked dimer led
us to question whether initial observations showing that, the paralog SOST was monomeric, were correct. To
test this, we generated human SOST (hSOST) from media conditioned by transiently transfected FreeStyle
293F cells. This conditioned media was initially purified by Ion Exchange Chromatography (Figure 6A) and
then subsequently by SEC (Figure 6B). As with both chicken and human SOSTDCI, the purified hSOST
protein was analyzed by glutaraldehyde cross-linking (Figure 6C) and sedimentation velocity AUC (Figure 6D).
In all cases, the oligomeric state of hSOST was monomeric, consistent with previous observations [40,51].
These results, using consistent techniques and methodology, show that SOST and SOSTDCI1 adopt different
oligomeric states, despite similarities in sequence and secondary structure prediction.

Functional analysis of BMP inhibition

Lastly, we measured the ability of the different DAN family members to inhibit the signaling of BMP ligands
using a cell-based luciferase reporter assay. This also served to compare the functional activities of the bacter-
ially produced ¢SOSTDCI1 to the mammalian produced hSOSTDCI1. Additionally, these proteins were com-
pared with the activity of monomeric hSOST. We tested these inhibitor proteins against an array of BMP
signaling ligands to explore ligand specificity. In brief, serially diluted exogenous inhibitors (cSOSTDCI,
hSOSTDC1, and hSOST) were mixed with constant amounts of GDF5 and BMP?7 ligands, and added to an
osteoblast cell-line (BRITER) stably transfected with the luciferase gene driven by a BMP responsive promoter
[57]. Inhibition curves were generated by recording the measured luciferase activity for each concentration of
antagonist. As shown in Figure 7 and Table 1, both ¢cSOSTDC1 and hSOSTDCI1 inhibited the canonical target
BMP7 and GDF5 at sub-micromolar levels with both versions of SOSTDCI being more potent antagonists of
GDF5 signaling. The corresponding ICs, values for each titration are shown in Table 1. In contrast, monomeric
hSOST was a poor inhibitor of both GDF5 and BMP?7 signaling, and only had an impact at very high concen-
trations of hSOST. Differences between hSOSTDC1 and cSOSTDC1 were minor, with hSOSTDC1 behaving as
a slightly more potent inhibitor, likely due to minor species-specific differences between the proteins (91%
identity). When compared with previously published data measuring the inhibition of BMP7 and GDF5 by
other DAN-family proteins, SOSTDCI1 inhibits BMP7 at a rate comparable to NBL1, but inhibits GDF5 even
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Figure 6. Purification of hSOST and validation of hNSOST monomer.

(A) Human SOST expressed in Expi293F cells, purified by cation exchange chromatography, and visualized by western blot.
Fraction marked with blue line was pooled for additional purification. (B) Final purification of hRSOST by SEC showing a peak
corresponding to different glycosylation species (~30 kDa). The fraction marked with the blue line was pooled for analysis.

(C) hSOST was incubated with glutaraldehyde (GA), but no higher order complexes were observed by SDS-PAGE under
non-reducing conditions. (D) Sedimentation velocity AUC of hSOST. Both glycosylated (black, ¢(S)=1.77 £ 0.238. c(M) =

21.9 kDa + 4.4 kDa) and deglycosylated (red, c(S)=1.55 + 0.280. c(M) = 16.7 kDa + 5.4 kDa) sedimented in a manner consistent
with monomer. Gel ladder values in kDa. Load run in lane L.SEC standards are shown for (B) as tic marks.
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Figure 7. Inhibition of BMP signaling.

SOSTDC1 and SOST were measured for BMP inhibition using BRITER osteoblast cells that generate luciferase upon
stimulation with BMP ligands. Exogenous BMP7 (A), and GDF5 (B) was added to the cells after brief incubation with increasing
concentrations of DAN family proteins (cSOSTDC1 (black), hSOSTDCH1 (blue), and hSOST (red)). All assays were performed in
duplicate. ICsq values (See Table 1) were calculated by fitting data to a nonlinear regression with a variable slope using a
least-squares fit, using GraphPad Prism.
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Table 1 A comparison of DAN family BMP inhibition from current and previous studies, as measured
by cell-based luciferase reporter assay

cSOSTDC1 hSOSTDC1 hSOST Grem?2? NBL1?
BMP7 ICeo 320 300 1500 18 199
95% conf. (220-470) (190-480) (710-3300)
GDF5 ICeo 26 40 1000 92 >10000
95% conf. (18-36) (27-53) (750-1400)

®Values for Grem2 and NBL1 were reported in a previous publication [32] that collected and analyzed data using similar
methodology, by measuring the inhibition of Iuciferase signal in BRITER cells, induced by the addition of exogenous ligand and
antagonist proteins. This research was originally published in the Journal of Biological Chemistry. [32]. © the American Society
for Biochemistry and Molecular Biology.ICsq values and 95% confidence ranges were calculated by fitting data to a nonlinear
regression with a variable slope using a least-squares fit, using GraphPad Prism.

better than both NBL1 and Grem2 (Table 1) [32]. Taken together, these results demonstrate differences in the
ability of monomeric hSOST to dimeric hSOSTDC1 and ¢SOSTDCL1 in their ability to antagonize BMP
signaling.

Discussion

The DAN family consists of seven extracellular proteins, generally categorized as inhibitors of BMP signaling.
While certain family members are potent BMP antagonists, such as Grem1 and Grem?2, there has been histor-
ical discrepancy over the function of SOST and its role in BMP antagonism [37,54]. Follow-up studies identi-
fied that SOST was instead a functional inhibitor of Wnt/B-catenin signaling [37]. Thus, certain DAN family
members have the ability to inhibit BMP signaling while others appear to inhibit Wnt signaling. Interestingly,
SOSTDCI1 has been shown to inhibit both BMP signaling and Wnt signaling [34,48]. The ability to impact
Whnt signaling has been attributed to a short segment termed the NXI motif that is shared in common with
SOST, and has been shown to interact with the Wnt co-receptors LRP5/6 [38]. While NMR structural studies
of SOST have described the protein as a monomer, other family members were shown by X-ray crystallography
to be dimeric [41,51,52]. It is logical that the dimeric nature of certain DAN family members renders them
more potent BMP antagonist due to higher order binding events [47]. Given these differences across the family,
we wanted to structurally and functionally characterize SOSTDCI, especially since its nearest DAN family
neighbor is monomeric SOST. Thus, this study was initiated to define the molecular state of SOSTDC1 in
order to help better understand the mechanism of BMP antagonism in the DAN family.

Through a combination of analytical SEC, chemical cross-linked SDS-PAGE, and sedimentation velocity
AUC, we have conclusively demonstrated that SOSTDCI forms a non-disulfide linked dimer, similar to other
DAN-family inhibitor proteins. Additionally, we used these same techniques to further validate previous
reports that SOSTDCI1 paralogue, SOST, forms a monomer. The dimeric nature of SOSTDC1 in solution was
further validated with in line-SEC small angle X-ray scattering. The strongly dimeric behavior of SOSTDCI is
especially interesting when contrasted with its predicted lack of an extended B-strand 2. The secondary struc-
ture prediction program SABLE predicts that, much like SOST, SOSTDCI1 is likely to have a very short, trun-
cated B2 strand (Figure 1C) that would not provide a scaffold for the numerous hydrogen bonds needed to
stabilize the non-covalent dimer. This suggests that either the SOSTDCI1 dimer is stabilized in a different
manner than other DAN-family members or that the B2 strand of SOSTDCI1 is largely stabilized by the dimer
interaction itself, producing a longer strand than predicted. Indeed, this latter explanation is suggested by the
comparison of SABLE predictions to structurally observed B-strand length for NBL1, Greml and Grem2. All
three proteins display greater percentages of B-strand in their respective crystal structures than is predicted by
SABLE, particularly in the P2 strand that forms the dimer interface (Figure 1B,C). However, the very high
degree of similarity between monomeric SOST and dimeric SOSTDCI at the putative B2 dimer interface sug-
gests that SOSTDCI1 might dimerize in a slightly altered manner, which might be somewhat distinct from other
DAN-family dimers. It should be noted that a different dimerization interface was observed for the closely
related Norrin protein, which is similarly formed through B-strand interactions, but with a unique overall
dimer configuration is much more curved with a crescent-like shape [66]. Future atomic-resolution structural
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studies of SOSTDC1 would be required to investigate the dimerization mechanism of SOSTDCI with regard to
this discrepancy.

We further demonstrated that the dimer formed by SOSTDCI is highly stable, similar to DAN family
members Grem2 and NBLI. Neither the presence of high concentrations of the denaturing reagent urea nor a
decrease in pH down to 4.5 were sufficient to disrupt the SOSTDC1 dimer complex, as measured by SEC and
AUC. However, the dimer was disrupted when suspended in a pH 3.0 buffer. Interestingly, the SOSTDC1
dimer was shown to spontaneously reform when returned to a neutral pH environment. While it is well estab-
lished that many proteins will unfold or even denature at very high or low pH, reversible dimer-monomer tran-
sition is not commonly observed. Collectively, the high-stability of the SOSTDC1 dimer and the dependence
on pH, including the reversible nature of the dimer, indicate a similar dimerization mechanism to other DAN
family members that combine through a B-strand “zippering’ interaction that forms an extensive network of
hydrogen bonds between chains [42].

Different members of the DAN family have shown differential preference for the binding and inhibition of
TGEFp ligands. For instance, Grem2 is a potent antagonist of BMP2 and BMP7 with weaker affinity for GDF5
[32,42]. NBL1 antagonizes BMP2 and BMP7 at moderate concentrations, but shows little to no antagonism for
GDF5 [32]. Human Cerberus was shown to bind and antagonize BMP6, BMP7, Nodal and Activin B [36]. To
provide additional insight into ligand specificity, SOSTDC1 (human and chicken) and SOST were tested for
their abilities to inhibit a range of BMP signaling molecules using an in vitro luciferase reporter assay system.
Both homologous forms of SOSTDCI inhibited BMP7 (a previously reported target of SOSTDC1) and GDF5
at sub-micromolar concentrations. In contrast, monomeric SOST failed to inhibit either of the tested ligands at
sub-micromolar concentrations.

One possible explanation for the differential inhibition of ligands by SOST and SOSTDCI is that they
contain different residues at the putative antagonist-ligand interface. The binding interface and key binding
residues of Grem2 for GDF5 were previously determined by the complex structure of Grem2-GDF5 and muta-
genesis studies [47]. The N-terminus thread over the ligand into the type I binding pocket, while residues that
form the core of interactions at the type II binding interface of GDF5 are located principally between the (2
and B3 strands. Comparing these regions for SOST and SOSTDC shows that the N-terminal residues are not
conserved, while resides that bind to the type II interface are conserved, but distinct from those found in
Grem2 (Figure 1C). Thus, one possibility to explain the differences in ligand antagonism could come from
differences in the N-terminus of SOST and SOSTDCI1. However, it is notable that the SOSTDCI N-terminal
tail is also not particularly similar to any of the other DAN-family members, implying that there may not be
an obvious binding motif associated with robust BMP antagonism at this site. NBLI1, a mediocre inhibitor
of BMP7 but better than SOST, almost entirely lacks an N-terminal domain and mutations in this region failed
to stop Grem2 from neutralizing BMP [47]. Another explanation could be that dimerization itself is a key
component to the mechanism of DAN-family antagonism of BMP signaling by increasing avidity between the
antagonists and the ligands. Also, while the contacts of Grem2 with GDF5 are isolated to one chain of Grem?2,
interactions across the dimer interface might help form the BMP binding epitope. This might be the case for
residues in the end of B4, which are pinned between the ligand and adjacent chain of the Grem2 dimer. At this
point, whether increased BMP inhibition is through unique contacts, difference in oligomerization, or a com-
bination still needs further investigation.

Functionally, SOSTDC1 has been shown to be important in regulating BMP7 signaling during kidney devel-
opment and repair [67,68]. Additionally, there is evidence that it serves a similar role in tooth development,
although this evidence is muddled by the presence of Wnt5 signaling that SOSTDCI also antagonizes [69,70].
Interestingly, SOSTDC1 inhibited GDF5 with the strongest potency of all ligands tested, and is a better GDF5
antagonist than all other reported DAN family members, including Grem2 and NBL1 (Table 1). Whether
SOSTDCI1 blocks GDF5 in vivo will have to be explored. Nevertheless, both genes display overlapping expres-
sion profiles in the lung and salivary gland, according to the RNA-seq data available from the Human Protein
Atlas [71]. Thus, it appears that within the DAN family there exists differential ligand specificity, with
SOSTDCI showing the highest potential to inhibit GDF5 signaling.

In this study we showed that SOSTDCI forms a highly stable dimer similar to most other DAN family pro-
teins. We also confirmed that SOST forms a monomer and is a relatively poor BMP antagonist, reinforcing its
place as a unique member of the DAN family. While both have the ability to inhibit Wnt signaling, SOSTDC1
and SOST have diverged in their ability to antagonize BMP ligands. While it is possible that SOSTDC1 and
SOST have altered BMP binding epitopes that render SOSTDCI1 a better antagonist, differences in dimerization
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likely play a critical role in BMP antagonism. Given that most DAN family members are dimeric, it is possible
that SOST evolved to be monomeric which reduced its ability to inhibit BMP signaling. Overall, this study
provides molecular insight into DAN-family mediated BMP antagonism.
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