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Abstract

The Bone Morphogenetic Protein (BMP) signaling pathway is essential for normal development
and tissue homeostasis. BMP signal transduction occurs when ligands interact with a complex of
type 1 and type 2 receptors to activate downstream transcription factors. It is well established that
a single BMP receptor may bind multiple BMP ligands with varying affinity, and this has been
largely attributed to conformation at the amino acid level. However, all three type 2 BMP
receptors (BMPR2, ACVR2A/B) contain consensus N-glycosylation sites in their extracellular
domains (ECDs), which could play a role in modulating interaction with ligand. Here, we show a
differential pattern of N-glycosylation between BMPR2 and ACVR2A/B. Site-directed
mutagenesis reveals that BMPR2 is uniquely glycosylated near its ligand binding domain and at a
position that is mutated in patients with Heritable Pulmonary Arterial Hypertension. We further
demonstrate using a cell-free pulldown assay that N-glycosylation of the BMPR2-ECD enhances
its ability to bind BMP2 ligand but has no impact on binding by the closely-related ACVR2B. Our
results illuminate a novel aspect of BMP signaling pathway mechanics and demonstrate a
functional difference resulting from post-translational modification of type 2 BMP receptors.
Additionally, since BMPR2 is required for several aspects of normal development and defects in
its function are strongly implicated in human disease, our findings are likely relevant in several
biological contexts in normal and abnormal human physiology.
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Introduction

The Bone Morphogenetic Protein (BMP) signaling pathway has ancient origins in the
evolution of metazoans [1,2] where it plays an essential role in early developmental
processes such as gastrulation and axis determination [3,4]. BMP ligands exert their effects
by interacting with a hetero-oligomeric complex of type 1 and type 2 receptors to activate
downstream transcription factors [5,6]. While the basic mechanics of BMP signal
transduction are strikingly well conserved across all animals [1], gene duplication events are
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thought to have led to the sophisticated superfamily of ligands, receptors, and downstream
effectors present in higher organisms [7]. For example, the mammalian genome contains
approximately twenty BMP ligands, seven type 1 receptors (ALK1/2/3/6) and three type 2
receptors (BMPR2, ACVR2A/B) that mediate their BMP activities through three canonical
transcription factors (SMAD1/5/8) and a growing set of non-canonical effectors [8,5,9]. The
importance of this fundamental pathway to human health is underscored by the fact that
defects in every BMP receptor except ACVR2A have been implicated in a human disease
[10-18].

Numerous studies have demonstrated that each BMP receptor has the capacity to interact
with many BMP ligands with varying affinity (for example, see Heinecke et al [19]). This
plasticity has largely been attributed to differences at the amino acid level affecting three-
dimensional structure [20-27] or post-translational modifications (PTM) that occur on
specific ligands [28]. However, considerably less attention has been paid to the role that
PTMs in the receptor extra-cellular domain (ECD) might play in altering receptor:ligand
interactions in the BMP pathway. The most common PTM in eukaryotes is the covalent
addition of carbohydrate groups to asparagine residues, called N-glycosylation [29]. N-
glycosylation substantially modifies the structure, localization, and function of glycoproteins
[30] and each BMP type 2 receptor contains N-glycosylation sites in its ECD [31-38].
Moreover, three patients with the rare disease Heritable Pulmonary Arterial Hypertension
(HPAH), which is linked to loss-of-function mutations in BMPR2 [10,11], carry a point
mutation in the same putative N-glycosylation site of BMPR2 (N126) [39,40]. Yet, it is
entirely unknown if N-glycosylation impacts the function of type 2 BMP receptors.

In this study, we compare the putative glycosylation patterns for the ECD of each type 2
BMP receptor (BMPR2, ACVR2A, and ACVR2B) in light of their respective crystal
structures and find that differential N-glycosylation exists between ACVR2A/B and
BMPR2: N-glycosylation of ACVR2A/B occurs distant to the ligand binding face while N-
glycosylation of BMPR2 approximates the ligand binding domain. Using site-directed
mutagenesis, we demonstrate that BMPR?2 is glycosylated at three asparagine residues and
this N-glycosylation enhances the ability of the BMPR2-ECD to bind the ligand BMP2. In
contrast, N-linked glycosylation of the ACVR2B-ECD is dispensable for BMP2 binding.
Our results illuminate a novel aspect of the basic BMP pathway mechanics and demonstrate
differences between the type 2 BMP receptors. Additionally, since BMPR2 is required for
several aspects of normal development [41-43] and defects in its function are strongly
implicated in disease [44], our findings are likely relevant to several contexts in normal and
abnormal human physiology.

Differential N-glycosylation pattern between BMPR2 and ACVR2A/B

NetNGlyc analysis of the mouse and human RefSeq protein sequences for the type 2 BMP
receptors predicts that three asparagine residues (N55, N110, and N126) in the extra-cellular
domain of BMPR2 are glycosylated while only two are glycosylated in ACVR2A/B (Fig.
1A). Amino acid sequence alignment (Fig. 1B) and crystal structure comparison (Fig. 1C)
suggest that N55 in BMPR2 is analogous to N42 and N43 in ACVR2B and ACVR2A,
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respectively. In contrast, the putatively glycosylated residues N110 and N126 in BMPR2
and N66/N65 in ACVR2A/B raise the possibility that BMPR?2 is glycosylated in a pattern
distinct from ACVR2A/B (Fig. 1C-D). Moreover, the proximity of N110 in BMPR2 to the
ligand binding hydrophobic patch [27] suggests that N-glycosylation of BMPR2 could be
functionally significant.

Determination of glycosylation sites in BMPR2 extracellular domain

In the clonal mouse bone marrow stromal cell line W-20-17 (W20), endogenous BMPR2
appears as a doublet of approximately 150 kDa (major band) and 140 kDa (minor band)
(Fig. 2A, lane 1). Both bands are absent when Bmpr2 is knocked-down (Fig. 2A, lane 3 and
4), identifying each as an isoform of BMPR2. Digestion with the endoglycosidase PNGase F
causes a shift in electrophoretic mobility of both bands, confirming that BMPR2 is
glycosylated endogenously (Fig. 2A, lane 2).

To determine which asparagine residues are glycosylated in hBMPR2, we expressed V5-
tagged versions of wild type and glycosylation-defective BMPR2 in W20 cells.
Electrophoretic mobility of a triple mutant h(BMPR2 (N55Q; N110Q; N126Q) is unaffected
by PNGase F, indicating these are the only asparagines in full-length hBMPR?2 that are
glycosylated (Fig. 2B, lanes 5-6). We then expressed double mutant versions of hBMPR2
where only one putative glycosylated asparagine residue is preserved in each and performed
PNGase F digestion. This experiment revealed that N55 (Fig. 2B, lanes 7-8) and N126 (Fig.
2B, lanes 11-12) are both glycosylated; we were unable to achieve expression of the “N110
Only” hBMPR2 mutant (N55Q; N126Q) using this approach. Hence, we expressed an
N110Q single mutant version of BMPR2, which demonstrated increased electrophoretic
mobility compared to wild type (Fig. 2C, lane 4). These findings confirm that hBMPR2 is
glycosylated on residues N55, N110, and N126 in W20 cells.

Our observation that the “N110 Only” version of hBMPR2 is not expressed (Fig. 2B, lanes
9-10; Fig. 2D, lane 5) suggested that glycosylation plays a role in BMPR2 stability.
Consistent with this idea, we were also unable to achieve expression of the N55Q and
N126Q mutants of BMPR2 (Fig. 2C, lanes 3 and 5, respectively). Interestingly, these results
raise the possibility that glycosylation at N110 must be balanced by glycosylation at both
N55 and N126 for proper expression and/or stability of BMPR2.

To examine if glycosylation of BMPR2 differs between cell types, we extended our study to
HEK?293T cells and found a glycosylation pattern consistent with that seen in W20 cells
(Fig. 2D).

In addition to the 150/140 kDa doublet observed for endogenous BMPR2 in W20 cells, we
occasionally observe a minor band at approximately 135 kDa when wild type BMPR2-V5 is
over-expressed in W20 cells (Figure 2B, lane 3). We are presently unable to comment on the
exact nature of this isoform. However, BMPR?2 is subject to additional PTMs which could
contribute to alterations in electrophoretic mobility, including phosphorylation [45] and O-
linked glycosylation (J.W.L., data not shown).
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N-linked glycosylation of receptor ECD enhances ligand binding to BMPR2 but not

ACVR2B

Having observed that BMPR2 is glycosylated on asparagines in its extra-cellular domain
(ECD), we sought to determine the functional significance of glycosylation to ligand
binding. To circumvent any possible defects in BMPR2 due to aberrant localization, folding,
and/or synthesis, we established a cell-free assay utilizing a soluble version of the hBMPR2-
ECD fused to human IgG-Fc. We first confirmed that the soluble hBMPR2-ECD is
glycosylated (Fig. 3A), then loaded Protein G beads with either native h(BMPR2-ECD or de-
glycosylated hBMPR2-ECD and mixed them with the prototypical BMP ligand BMP2. This
revealed that BMP?2 is efficiently pulled down by the native, glycosylated hBMPR2-ECD in
this assay (Fig. 3B, lane 4). In contrast, ligand binding to de-glycosylated hBMPR2-ECD is
greatly diminished (Fig. 3B, lane 6; Fig. 3C), indicating that asparagine glycosylation
enhances the ligand binding ability of hBMPR2-ECD.

To determine if N-linked glycosylation plays a similar role in ACVR2B, we first
demonstrated that the soluble hACVR2B-ECD/Fc fusion protein is N-glycosylated (Fig.
4A). Unlike hBMPR2-ECD, the pulldown efficiency of hACVR2B-ECD for BMP2 is
unaffected by de-glycosylation (Fig. 4B—C), indicating that N- glycosylation is dispensable
for the ligand binding ability of hACVR2B-ECD.

Discussion

In the present study, we demonstrate that the N-glycosylation pattern differs between
BMPR?2 and the other type 2 BMP receptors, ACVR2A/B. BMPR?2 is glycosylated on three
asparagine residues (N55, N110, and N126) in its ECD while the crystal structure of the
ACVR2A-ECD shows glycosylation at N43 and N66 [33]; due to significant homology, it is
reasonable to conclude that ACVR2B is also glycosylated at the related residues.
Comparison of the available crystal structures indicates that N55 in BMPR?2 is likely
analogous to N42 and N43 in ACVR2B and ACVR2A, respectively. These residues lie on
the outer face of Finger 1, away from the ligand binding region, making it unlikely that N-
glycosylation at these sites would directly alter ligand binding. This supposition is supported
by our experiments using the soluble ACVR2B-ECD, which revealed that BMP2 binding to
native and de-glycosylated ACVR2B-ECD is identical. Comparable results were reported
regarding the impact of N-glycosylation on the interaction between ACVR2A and Activin A
[34,36] and Inhibin [36].

In contrast, we found that N-glycosylation of the BMPR2-ECD enhances binding to BMP2.
Insight into how N-glycosylation could alter this interaction might be gained from a
previous report that non-glycosylated ovine BMPR2-ECD expressed in E. coli exhibits
considerable structural mobility, especially in two of the domains that we show are N-
glycosylated [46]. This raises the possibility that glycosylation of these flexible domains
(Finger 1 and Finger 3) could direct proper folding and/or stabilize the global structure of
the BMPR2-ECD, which is consistent with the well-known role of glycosylation in
stabilizing protein conformation [47]. At the same time, since our ligand-binding
experiments were performed in a cell-free system following PNGaseF treatment of fully
synthesized BMPR2-ECD, our findings demonstrate a direct role for N-glycosylation in the
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function of BMPR2 irrespective of any additional role in trafficking, folding, and/or
degradation of the protein (see below). Support for this idea comes from the fact that
BMPR?2 is uniquely glycosylated at N110 in Finger 3, which approximates the hydrophobic
ligand binding domain [48,26]. In fact, N110 is conserved as a consensus N-glycosylation
site in every available full-length BMPR2 ortholog in the GenBank database (49/49 species,
Fig. S1), suggestive that glycosylation at this site is a conserved mechanism that plays a role
in interacting with ligand.

The other aspargine residue that is glycosylated in BMPR2, N126, lies exposed on the outer
surface in a linker region between a short 3(10) helix and the seventh B-strand. The location
of N126 and the glycosylation of Finger 1 shared between BMPR2 and ACVR2A/B
suggests that glycosylation at these sites might play a role in protein-protein interactions,
such as those with BMP co-receptors [49,50], and/or may be involved in proper intracellular
trafficking [30]. Future studies will evaluate these possibilities. Interestingly, point
mutations at N126 are found in three different patients with the rare disease Heritable
Pulmonary Arterial Hypertension (HPAH), which is linked to loss-of-function mutations in
BMPR2 [10,11], indicating that N126 is essential to the normal function of BMPR2. While
we are unable to predict the exact role of the N126 mutation in human disease, it is likely
telling that BMPR2-N126Q mutants were not expressed in either W20 or HEK283T cells,
suggesting that glycosylation at N126 plays a role in stability and/or degradation of BMPR2.
In fact, we were unable to express any BMPR2 mutant where N110 was available for
glycosylation but either N55 or N126 were not. Strikingly, the un-glycosylated triple mutant
BMPR2 was expressed, albeit at a lower level. All plasmids were sequenced for fidelity and
these results were consistent across numerous plasmid purifications and transfections,
suggesting they are not technical in nature.

Collectively, our findings illustrate divergence in the pattern of N-glycosylation between
BMPR2 and the other type 2 BMP receptors, ACVR2A/B. Functional relevance comes from
the fact that N-glycosylation enhances the ability of BMPR2-ECD, but not ACVR2B-ECD,
to bind BMP2. Although significant functional redundancy occurs between type 2 BMP
receptors in vivo (for example, see Gamer et al. [51]), we speculate that differential N-
glycosylation plays a role in segregating BMPR2, which is thought to act as a BMP-specific
receptor in vivo, from ACVR2A/B, which signal both BMP and Activin/Activin-like ligands
(Activins) with high affinity [7]. Because of the wide-spread actions of BMP signaling in
development and tissue homeostasis, our findings may provide insight into the signaling
mechanics underlying several human diseases and allow for new therapeutic approaches that
exploit type 2 receptor:ligand interactions.

Materials and Methods

Cell Culture

W-20-17 (W20) cells [52] and HEK293T cells [53], obtained from ATCC, were cultured in
DMEM supplemented with 10% fetal bovine serum (Gibco) and grown at 37°C in 5% CO,.
Transient transfection of plasmid DNA was achieved using X-tremeGENE 9 (Roche).
Knockdown of Bmpr2 was performed using shRNA clone TRCN0000022530 (Sigma).
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Plasmid construction

A plasmid containing the full-length human BMPR2 cDNA was obtained as a gift from Dr.
James West (Vanderbilt). This was sub-cloned into pCRII-TOPO (Invitrogen) via TA
cloning using the primers detailed in Table S1 to generate the shuttle vector pJL69-8.
hBMPR2 cDNA was then sub-cloned into pcDNA3.1/V5-His-TOPO (Invitrogen) via TA
cloning using primers detailed in Table S1 and GoTaq polymerase (Promega) to generate the
pJL74-5 expression vector, which appends C-terminal V5 and His tags to hBMPR2. Mutant
versions of hBMPR2 cDNA were then constructed via inverse PCR using AccuPrime Pfx
polymerase (Invitrogen) followed by digestion with Dpnl (New England Biolabs) using
primers as outlined in Table S1. All plasmids were sequenced in forward and reverse
directions at the Dana-Farber/Harvard Cancer Center DNA Resource Core to confirm
fidelity.

Western blotting

Western blots were performed on protein isolates from W20 or HEK293T cells after lysis in
RIPA buffer (50 mM Tris Base, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, pH 8.0) supplemented with Halt Protease & Phosphatase Inhibitor Cocktail
(Thermo). Lysates were resolved on Novex Tris-Glycine gels (Invitrogen) and transferred to
Amersham Hybond ECL nitrocellulose membranes (GE Healthcare). All samples were
denatured by heating at 100°C for 10 minutes after mixing with 6X reducing sample buffer
(60% glycerol, 300 mM Tris pH 6.8, 12 mM EDTA, 12% SDS, 864 mM 2-mercaptoethanol,
0.05% bromophenol blue). After blocking in 10% milk in PBST (PBS+0.1% Tween-20), the
following primary antibodies were applied in 5% milk in PBST: anti-BMPR2 C-terminal
domain (BD Biosciences, 612292), anti-His tag (Abcam, ab9108), anti-V5 tag (Abcam,
ab27671), anti-HSP90 (Santa Cruz, sc-7947), and anti-BMP2 (R&D Systems, MAB3551).
Appropriate HRP-conjugated, species-specific goat polyclonal secondary antibodies (anti-
mouse: Kirkegaard & Perry Laboratories, 04-18-06; and anti-rabbit: Cell Signaling, 7074)
were utilized and western blots were developed by chemiluminscence using SuperSignal
West Femto Substrate (Thermo). Stripping of membranes for re-probing was accomplished
using Restore Western Blot Stripping Buffer (Thermo). Western blots were visualized using
a Syngene Pxi imager and quantified by ImageJ.

Receptor ECD pulldown assay

500 ng native or de-glycosylated human BMPR2-ECD/Fc fusion (R&D Systems, #811-
BR-100) or ACVR2B-ECD/Fc fusion (R&D Systems, #339-RB-100) was mixed with 10 pl
Protein G-coupled Dynabeads (Invitrogen) at room temperature for 30 minutes in 200 pl
total volume with rotation. The loaded beads were then washed twice with PBS and
resuspended in 200 pl PBS +/- 1 pg rhBMP2 produced in CHO cells (Genetics Institute/
Wyeth) and incubated overnight at 4°C with gentle shaking. After five washes with 200 pl
PBS, the beads were resuspended in 100 pl PBS, transferred to a clean tube, aspirated,
resuspended in 1X reducing sample buffer, and heated at 100°C for 10 minutes.

Although the efficiency of ECD loading to the beads did not differ significantly between
native and de-glycosylated isoforms (BMPR2: p=0.8878; ACVR2B: p=7434 by unpaired t-
test), some variability in loading due to unknown origin was observed across replicates. For
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this reason, our pulldown assays were quantified by determining the ratio of the BMP2 band
density to the receptor ECD band density in order to account for any variability in loading
for each independent sample. This ratio was then expressed as Mean+SEM percent relative
to native receptor ECD pulldown ratio.

PNGase F digestion assay

Digestion with peptide-N-glycosidase-F (PNGase F, New England Biolabs) was performed
on W20 and HEK?293T cell lysates for 1 hour as directed by the manufacturer. For digestion
of the soluble hBMPR2-ECD and hACVR2B-ECD for use in pulldown assays, the initial
denaturing step and denaturing buffer was left out to maintain native conformation.

In silico analyses

All in silico analyses were performed using the RefSeq amino acid sequences as follows:
mouse BMPR2 — NP_031587.1; human BMPR2 — NP_001195.2; human ACVR2A -
NP_001067.1; and human ACVR2B — NP_001097.2. Prediction of N-linked glycosylation
sites was performed using NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc). Prediction
of transmembrane regions (J.W.L., data not shown) was performed using TMHMM (http://
www.chs.dtu.dk/servicessTMHMMY/). Amino acid alignments were performed using
MUSCLE [54] in MEGADS [55] on amino acid sequences as detailed in each respective
figure. Images in Fig. 1C-D were generated using PyMOL (Schrodinger) on BMPR2 (PDB
ID: 2HLQ), ACVR2A (PDB ID: 2H62) and ACVR2B (PDB ID: 1BTE).

Statistical analysis

Statistical significance was determined by unpaired t-test using GraphPad Prism. A p value
of <0.05 was considered significant. Numbers of replicates are indicated in each respective
figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Type 2 BMP receptors are predicted to be glycoproteins
A: Prediction of N-linked glycosylation sites in hLBMPR2, hACVR2A, and hACVR2B using

NetNGlyc. Identical sites are predicted in the mouse orthologs (Fig. S1). B: Alignment
comparison of type 2 BMP receptors. Human isoforms of BMPR2 (NP_031587.1),
ACVR2B (NP_001097.2), and ACVR2A (NP_001067.1) were aligned using MUSCLE [54]
in MEGADS [55]. Secondary structures are annotated after Mace et al. [46] and Yin et al.
[26]. Asparagine residues predicted to be glycosylated are indicated by red boxes in
hBMPR2 and blue boxes in ACVR2A/B. Residue numbers indicate position in each
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respective RefSeq sequence without gaps. C-D: Structural comparison of BMPR2 to
ACVR2A/B, highlighting the unique glycosylation sites in BMPR2. Views in C are the
interior, ligand-binding faces of the extra-cellular domains. Select B-strands are annotated
after Mace et al. [46] and Yin et al. [26]. Views in D are rotated 90° in the forward
orientation (toward the reader) from C. “Interior Surface” and “Exterior Surface” refer to the
faces of the molecules with respect to the ternary complex.
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Fig. 2. Determination of N-linked glycosylation sites in BMPR2
A: Western blot for glycosylation status of endogenous BMPR2 in W20 cells compared to

HSP90 loading control. Lysates were treated with vehicle or PNGase F. Specificity of anti-
BMPR2 antibody is confirmed by lack of signal after Bmpr2 knockdown (Bmpr2-KD);
shRNA against Gfp serves as negative control (Gfp-KD). Image is representative of two
independent experiments. B: Western blot for VV5-tagged wild type and triple or double
mutant versions of hBMPR2 in W20 cell lysates treated with vehicle or PNGase F. C:
Expression analysis of VV5-tagged wild type and single glycosylation mutant versions of
hBMPR2 in W20 cells. D: Expression analysis of VV5-tagged wild type and mutant versions
of hBMPR2 in HEK293T cells. All blots were performed using anti-V5 antibody; specificity
of anti-V5 antibody is confirmed by lack of staining in lysates from cells transfected with
empty plasmid control. “Triple Mutant” is N55Q; N11Q; N126Q. “N55 Only” mutant is
N110Q; N126Q. “N110 Only” mutant is N55Q; N126Q. “N126 Only” mutant is N55Q;
N110Q.

Cell Mol Life Sci. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lowery et al.

a
Lane
PNGase F

70 kDa

55 kDa
40 kDa

Page 14

150
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Fig. 3. N-linked glycosylation enhances ligand binding to BMPR2-ECD
A: Western blot for glycosylation status of the human His-tagged BMPR2 extracellular

domain (hBMPR2-ECD)/Fc fusion protein using anti-His antibody. B-C: Pulldown of
BMP2 using native or de-glycosylated hBMPR2-ECD. Western blot images in B for His-
tagged hBMPR2-ECD and BMP2 are from a single blot with intervening lane removed
(vertical bars) and are representative of five independent experiments (quantified in C). Data
in C are BMP2/BMPR2-ECD ratio (Mean+SEM) expressed as percent relative to native. *
indicates p<0.05 by unpaired t-test against pulldown using native hBMPR2-ECD.
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Fig. 4. Ligand binding to ACVR2B is unaffected by N-linked glycosylation status
A: Western blot for glycosylation status of the human His-tagged ACVR2B extracellular

domain (hACVR2B-ECD)/Fc fusion protein using anti-His antibody. B—-C: Pulldown of
BMP2 using native or de-glycosylated ACVR2B-ECD. Western blot images in B for
ACVR2B-ECD and BMP?2 are representative of four independent experiments (quantified in
C). Data in C are BMP2/ACVR2B-ECD ratio (Mean+SEM) expressed as percent relative to

native.
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