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Abstract

The Bone Morphogenetic Proteins (BMPs) are the largest class signaling molecules within the
greater Transforming Growth Factor Beta (TGFp) family, and are responsible for a wide array of
biological functions, including dorsal-ventral patterning, skeletal development and maintenance, as
well as cell homeostasis. As such, dysregulation of BMPs results in a number of diseases,
including fibrodysplasia ossificans progressiva (FOP) and pulmonary arterial hypertension (PAH).
Therefore, understanding BMP signaling and regulation at the molecular level is essential for
targeted therapeutic intervention. This review discusses the recent advances in the structural and
biochemical characterization of BMPs, from canonical ligand-receptor interactions to co-receptors
and antagonists. This work aims to highlight how BMPs differ from other members of the TGFp
family, and how that information can be used to further advance the field. Lastly, this review
discusses several gaps in the current understanding of BMP structures, with the aim that discussion
of these gaps will lead to advancements in the field.
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Introduction

The Bone Morphogenetic Proteins (BMPs), comprise the largest subgroup of the
Transforming Growth Factor B (TGFp) family of extracellular signaling proteins, consisting
of anywhere from 13-20 dimeric proteins [1-5]. Like other TGFp proteins, BMPs
canonically induce signaling by binding to two type I and two type Il transmembrane serine-
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threonine kinase receptors forming heterocomplexes on the cell surface [4-8]. These
receptor assemblies, sometimes formed with additional co-receptors, induce the
phosphorylation and activation of the type I receptor kinase domain by the type Il receptor
kinase domain [9-11]. Subsequently, phosphorylation of intracellular SMAD proteins by the
type | receptor allows the SMADs to accumulate in the nucleus where they serve as
transcription factors [11-15]. Historically, structural studies have been instrumental in
understanding of BMP biology by providing the foundation for the mechanistic
understanding of growth factor function. While BMP structural biology has been
exceedingly well reviewed in the past within the context of the TGFp family as a whole, this
review is meant to focus exclusively on the BMPs, with a special focus on recent structural
studies [4-5, 11].

BMP Signaling Ligands

What distinguishes the BMPs from other members of the TGFp family? The term “BMP
class” has at times been used to refer to all named BMPs and Growth and Differentiation
Factors (GDFs). However, some of these proteins more closely resemble members of the
Activin class of TGFp ligands (GDF8, and GDF11 for example) in terms of sequence
identity, receptor activation and specific SMAD activation [16-17]. As such, a better way to
define what a BMP is might be to limit the category to proteins that preferentially signal
through a specific set of type I receptors (ACVRL1 {Alk1}, ACVR1 {Alk2}, BMPR1A
{Alk3}, and BMPR1B {Alk6}) that ultimately activate transcription through the
phosphorylation of SMADs 1, 5 and 9 [4-5, 18-19]. This is distinct from the SMAD2/3
activation that occurs through the type 1 receptors ACVR1B (Alk4), TGFBR1 (Alk5), and
ACVRLC (AIK7), which is characteristic of signaling by members of the Activin and TGFf
classes [4-5, 18-19]. However, ligands such as activin A and B through Alk2 and TGFB
through AlkZ1, possess some situational ability to activate SMAD1/5/9 signaling [20-22].
However, these other proteins generally activate SMAD 1/5/9 in rare situations, leaving us to
focus on those TGFB growth factors that primarily utilize SMAD1/5/9. Of this select group
of 13 proteins, crystal structures of six (BMP2, BMP6, BMP7, GDF5, BMP9 and BMP10)
have been solved (Fig 1A), either in their unbound state, in complex with binding partners,
or both [23-48].

All BMPs, like other TGF family members, are initially produced as a single chain
containing a larger N-terminal prodomain and a smaller C-terminal mature signaling domain
[4-5]. With a few exceptions, two signaling domains are joined by a disulfide bond with
another to form a covalently bound dimer, whereby the prodomains are proteolyzed leaving
a mature signaling molecule [49-50]. Classically portrayed as a hand, each chain consists of
two sets of anti-parallel -strands forming finger-like extensions that protrude from a central
stabilizing “wrist” a-helix. The structure is stabilized by a conserved cysteine knot formed
by three internal disulfide bonds, similar to other growth factors (Fig 1B). All member of the
TGFp family, bind the type | receptors at a composite binding interface formed by the wrist
helix of one monomer and the concave face of the finger extensions of the other monomer
(Fig 1B) [4-5, 47]. For BMP and Activin class ligands, the type Il receptors bind to the
convex “knuckle” surface of the finger extensions (Fig 1B) [47]. However, BMPs are distinct
from other TGFp proteins in that they have a higher affinity for the type I receptors than the
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type Il receptors [5, 18, 48, 51]. Additionally, the BMP structures are almost invariant in
their adoption of an open or butterfly-like structure, indicating that they are more rigid than
other family members [31, 34, 41, 47, 51]. Activin and TGF class crystal structures have
captured these proteins in many different dimeric orientations [51-58]. The static nature of
BMP ligands leads to a rigid binding pocket for the type | receptors, and likely facilitates the
high affinity interactions [5, 18, 48, 51].

BMP ligands display a high degree of gross morphological similarity, with a root-mean
squared deviation (RMSD) analysis of the Ca atomic positions, performed using the
Superpose program in the CCP4 suite, ranging from 1-2 A [59]. When currently solved
structures are analyzed for structural and sequential variations using the ConSurf server,
areas of high variability (gray) and high conservation (blue) can be easily visualized [60-
64]. The regions of highest variability occur at the fingertip region, which, from receptor-
ligand complex structures, aligns with the regions of the type | receptors shown to impart
specificity (Fig 1B) [47]. Additionally, there are several small patches of variation in the
type 1 receptor binding region, highlighting the minor differences that govern receptor
specificity.

The BMP ligands can be subdivided into five different subcategories or clades based on
sequence identity (Fig 1A) and receptor specificity (Fig 1C). (1) BMP2/4 signal principally
through Alk3 and Alké6 [4-5, 23, 65-67]. (2) BMP5/6/7/8a/8b form a phylogenetically
distinct and somewhat more promiscuous subgroup, signaling robustly through Alk2, Alk3,
and Alk6 [4-5, 8, 65, 68]. In addition, this subclass is notable for a 21-22 amino acid
extension of the N-terminus. (3) The GDF5/6/7 subgroup signals almost exclusively through
Alk6, with a lesser affinity for Alk3 [5, 40, 65]. (4) The BMP9/10 subgroup signals
principally through Alk1, although BMP9 possesses some affinity for Alk2 and BMP10 for
Alk3 [5, 39, 65, 69]. Additionally, BMP9/10 have a truncated N-terminal region, ~10 amino
acids less than BMP2/4 and GDF5/6/7, and over 30 less than BMP5/6/7/8. (5) BMP15 is
something of an outlier in that while it signals through Alk3 and Alk8, it can form non-
disulfide linked heterodimers with GDF9, an Activin class protein that signals through
Alk4/5/7 to induce SMAD2/3 [5, 65, 70-71].

One important aspect of BMP biology is their differential interactions with components of
the extracellular matrix (ECM), particularly glycosaminoglycan heparan sulfate (HS), which
can localize and orient these signaling molecules to the cell surface [72-75]. HS is known to
interact preferentially with highly basic, positively charged residues [76—77]. Interestingly,
an electrostatic surface representation, calculated using APBS Tools v2.1, shows striking
differences between different BMP subgroups (Fig 1A) [78]. BMP2 contains a patch of
highly positive amino acid residues on the top of the protein (defined relative to the cell
surface when bound to receptors) while BMP7 and BMP9 have (stronger and weaker,
respectively) positive patches located on the bottom of the protein, and GDF5 contains no
positively charged surface region [78].

Besides helping to localize BMP ligands to the cells surface, HS has been shown to be
necessary for robust signaling, as is the case with BMP7 [79]. It is possible that HS helps
position BMP ligands for interaction with their target receptors. While the exact HS binding
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site of BMP7 is unknown, it is thought to be localized on the C-terminal region of the
protein [80]. In contrast, HS is known to strongly associate with the N-terminal region of
BMP2 [75, 80-81]. HS has also been shown to increase the duration of BMP2 signaling,
potentially by regulating turnover of the signaling complex [82-84]. While a HS binding site
has been predicted for GDF5, the protein displays little affinity for HS, as consistent with it
lack of positive surface potential [75, 85]. However, it has been shown to interact with the
related molecule heparin, a highly sulfated variant of HS produced in connective tissue [85].
While it is clear that HS impacts BMP signaling, the complex nature of HS, including chain
length, branching and sulfonation patterns makes it difficult to pin down its mechanism(s) of
action. More research is needed to understand how HS impacts the affinity of BMP for
receptors, prodomain and extracellular antagonists.

Historically, most research on BMP biology has concentrated on homodimeric proteins.
However, recent evidence shows that heterodimers plan a major role in BMP biology [69—
70, 86-88]. Heterodimeric proteins are novel signaling molecules with altered binding
affinities for BMP receptors. BMP7 has been shown to function in development largely as a
heterodimer with BMP2 and BMP4 [86]. The BMP2/BMP7, BMP4/BMP7, and BMP2/
BMP6 heterodimers have increased signaling activity as compared to homodimer [87-88].
This increase has been ascribed to a relatively higher affinity for type | receptors by BMP2
and BMP4 and a relatively higher affinity for type Il receptors by BMP6 and BMP7,
generating a hybrid signaling molecule with higher total receptor affinity [87]. Additionally,
BMP9/BMP10 heterodimers have been shown to be the primary source of BMP signaling in
plasma in vivo, potentially driven by increased binding affinity to different type | receptors,
as both proteins signal through Alk1, but BMP9 will also signal through Alk2 and BMP10
through Alk3 [69]. While this area of study is intensely interesting and seemingly of
pronounced biological importance, no structure of a BMP heterodimer has been published.
Additionally, very few heterodimers have been studied in any detail, leaving open a wide
array of questions regarding further unique receptor assemblies, altered antagonist binding,
differential heparin interactions, and even which BMPs can form heterodimers.

BMP Receptor Assemblies

Over the last two decades, significant structural insight has been provided, detailing how
TGFp ligands assemble their cognate type | and type 1l receptors. This work has shown that
across the three classes of ligands the mechanisms of receptor assembly differ significantly.
Structures within each class have provided insight not only into the different interfaces
utilized by each class, but also to the underpinnings of receptor specificity — this is
especially of interest since the number of ligands far outweigh the number of receptors.
Comparing the structures of the complete signaling complex of each class reveals a
consistent type | binding interface, one that is composite and built from interfaces on both
ligand monomers (Fig 1B). This is in contrast to type 1l receptor binding, where positional
differences differentiate the TGFp class from the activins and BMPs [51]. Specifically,
TBRII binds at the distal fingertips of the ligand, on its side, while several structures of both
activins and BMP complexes show binding of the type 11 receptor on the convex surface of a
single monomer, opposite of the type I interface (Fig 1B, 2A) [8, 89-92]. TBRII binding in
this manner contributes an additional interface for type I receptor binding, allowing for a
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cooperative binding relationship between the receptors not observed in BMP or activin
complexes [51, 89, 91].

Of the five type Il receptors available, the BMP class has been shown to interact with three:
BMPR2 (BMPRII), ACVR2A (ActRIIA) and ACVR2B (ActRIIB), and generally with lower
affinity when compared to the Activin class (Fig 1D) [4-5, 93]. Receptor complex structures
of both ActRIIA and ActRIIB with BMP and activin ligands reveal a common mechanism of
ligand engagement: a hydrophobic core of type Il receptor residues (ie. Tyr42, Trp60, and
Phe83 in ActRIIB), which is complemented by a corresponding patch on the knuckle of the
ligand (ie. dual Leu residues in BMP2 or an lle-Ala-Pro motif in activin A) [48, 94]. These
similar hydrophobic contacts largely form the basis for the promiscuity of the type 11
receptors, which rely on these small patches for binding [33, 36, 55, 92, 95]. In fact,
specificity for BMP:type Il interactions has been shown to arise from the residues
surrounding the central interface, where hydrogen bond count is variable and accounts for
the affinity differences in ActRIIB between activins (low) and the BMPs (high) [48]. This
was shown by Mueller*s and Nickel™s groups, where following the introduction of hydrogen
bonding amino acids from activin A, BMP2 was converted into a high affinity binder of
ActRIIB [48]. This supports the idea that residues outside the hydrophobic core dictate type
Il receptor binding affinity and specificity. There is no complex structure of BMPRII
currently, likely due to its low affinity to BMP ligands.

Unlike the relatively broad specificity of the type Il receptors, ActRIIA/B and BMPRII, type
| receptors display narrow ranges of promiscuity, interacting with only a subset of the BMP
ligands available. This specificity is highlighted here (Fig 1C) and has been reviewed
previously [5, 19]. But what separates the seven type | receptors on the molecular level?
Structural and biochemical studies of the type | receptors reveal that the loops flanking the
three stranded B-sheet core display the largest degree of variation and play large roles in
specificity (Fig 1C) [36, 39, 43, 46-47]. The B4-p5 loop of the receptor is positioned toward
the finger of one ligand monomer with a short a-helix presented for binding. In fact, in an
unbound state, this a-helix of both Alk3 and Alk6 exhibits a large degree of flexibility,
becoming ordered upon ligand or antibody binding [42-43, 96]. Furthermore, alanine
screening of this region in Alk3 significantly decreased the binding affinity [97].

Structures of both Alk3 and Alké show that a single residue in the helix forms a “knob-in-
hole”, which anchors the type | ligand interface [43, 46-47, 98]. Here, a Phe from the p4-p5
loop is inserted into a hydrophobic pocket within the ligand dimer interface. Interestingly,
the anchoring Phe is conserved in all seven type | receptors, save for Alk1. Recently, the
knob-in-hole was shown to be necessary for Alk5 signaling by Activin class member,
GDF11, but not for TGFBL1, another Alk1 interacting ligand [91, 99]. Interestingly, despite
lacking a knob in hole, Alk1 interacts strongly with the BMP9 and BMP10 fingertip 2,
where hydrogen bonds and a salt bridge are formed with the bottom of the B4-B5 loop [39].

One major difference between BMP and activin type | receptor binding occurs through
contact with the p4-p5 loop. Both Alk4 and AIK5 possess a four amino acid extension in the
[B4-p5 loop that generates specificity for the Activin class through interaction with ligand
fingertip 1, a trend not observed in structures containing Alk1, Alk3 or Alké [90].
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Biochemical studies performed by Aykul et al. extended this observation to Alk2, and show
its importance in binding ActA [100]. However, BMP9 also might use a similar interaction
as mutation (Asp366Glu) in fingertip 2 abolished BMP9 binding to Alk2 [39]. Thus, ligand
interactions with the p4-B5 loop are important for defining receptor specificity, especially
for Alk2 and the activin type I receptors.

Another major difference is that the BMP receptors interact extensively with the wrist region
helix and connecting loops (Fig 1B, 2A). The rigid nature of the BMP dimers supports a
lock-and-key binding mechanism where the type | binding site is, for the most part,
preformed [5, 48, 101]. This contrasts with the activin ligands, which have reduced type |
affinity due to a highly flexible wrist region [51, 55]. Domain swapping studies have shown
that replacement of the prehelix region can alter type | receptor specificity, consistent with
the extensive interactions observed in the crystal structures [102]. The importance of the
wrist region in type | receptor binding for the BMP ligands has been demonstrated where a
single residue can result in specificity differences. In GDF5, an Arg residue in the prehelix
was shown to be important for limiting interaction with Alk6 [40]. Mutation of this residue
to an Ala allowed GDF5 to bind and signal much more robustly through Alk3 [102]. Further
studies show that Alk2 binding to BMP6 is dependent on the glycosylation state of the wrist
helix [29]. Certainly the significance of these interactions is shown where a single point
mutation (Leu51Pro) in BMP2 prevents interaction with the prehelix region of Alk3, thereby
ablating signaling [23]. Collectively, these studies highlight the prehelix region of the type 1
receptors as a specificity hot zone.

Since the type | receptor binding location is at the composite interface, it is interesting to
speculate that heterodimers will display altered type | binding interactions. While the wrist
region of one monomer might drive specificity, additional interactions through the fingertips
might alter affinity of the receptors. Furthermore, it should be pointed out that within a
heterodimer, each type 1 site is unique (i.e. AiPBWrist: BiPAWriSYY For example, the
heterodimer cumulin, formed by combining BMP15 with GDF9, forms a receptor complex
with two different type | receptors, Alk4 and Alké6 [70]. Future structural studies will be
needed to address receptor binding differences to heterodimers.

Co-Receptors of BMP Signaling

BMP ligands share a small subset of receptors, but despite this limitation can produce a wide
range of signals. Additional molecules, such as co-receptors increase the diversity of ligand-
receptor assembly and provide further cellular regulation. Unlike the type I and type 1l
receptors, co-receptors (sometimes referred to as type 111 receptors) do not produce a signal
directly, but rather promote ligand docking on the cell surface, regulating specificity and
likely controlling signaling kinetics [103]. While recent reviews highlighted aspects of co-
receptor biology, the following will focus on membrane-bound co-receptors that have been
linked to BMP signaling modulation [103].

Endoglin (ENG) and Betaglycan (BG) are membrane glycoproteins that are comprised of N-
terminal orphan domains (OR1 and OR?2) and C-terminal zona pellucida (ZP-N and ZP-C)
domains [104]. Expressed in endothelial cells, ENG functions to modulate BMP9 and
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BMP10 signaling by interacting with Alk1 [105]. ENG can also modulates the activity of
other TGFp ligands by altering receptor affinity [105-106]. Molecular evidence for how
ENG engages BMP9 was provided by the recently solved crystal structure of the complex of
BMP9 bound to the OR domains [37]. Here, the OR domains, which are composed of a
tandem B-sandwich, bind at the knuckle region of BMP9 through hydrophobic contacts with
the OR1 domain while OR2 does not directly interact with the BMP dimer [37]. From this
structure, a model of ENG binding to BMP9 was built including the proximal ZP domain, to
highlight the symmetrical 2:1 ENG:ligand dimer complex (Fig 2D). This is in contrast to BG
which binds ligands in a 1:1 stoichiometry, partially blocking the type I receptor binding site
[107-109]. In general, ENG competes for the type Il receptor epitope while allowing type |
receptor binding [37]. The proposed mechanism suggests that ENG helps to recruit the
ligand-type | receptor complex to the cell surface, and is then released, allowing the complex
to recruit cognate type Il receptors [37]. A complex structure of a ligand:type | receptor:co-
receptor ternary complex would greatly enhance our molecular understanding of this
mechanism.

Repulsive guidance molecules (RGM) are glycosylphosphatidylinositol (GPI) -anchored
receptors that have been found to increase cell sensitivity to low levels of BMP ligands,
acting as bona-fide co-receptors [110-111]. RGMC (hemojuvelin) binds BMP6 to induce
hepcidin expression in the liver to regulate iron homeostasis, whereas RGMA and RGMB
enhance BMP2/4 signaling to enhance bone formation [112-114]. RGMs are divided into
two functional components, RGMyp and RGMcp. RGMcp binds the cell-surface receptor
Neoginin (NEO1) while RGMyp binds BMP ligands within the ligand dimer interface (Fig
2D) [115]. RGMyp adopts a helical structure that binds in the same location on BMP as the
BMP type | receptors, raising the question as to how the co-receptor potentiates BMP
signaling [44]. One thought is that low pH, such as that found in the endosome, allows RGM
to dissociate, allowing the type | receptor to bind [45]. The binary nature of RGM allows it
to bridge BMP2 and NEO1 forming a 2:2:2 stoichiometric complex forming higher order
cell surface complexes [45]. However, much remains to be determined as to the functional
consequence of this complex interaction and whether an alternative mechanism could also
explain RGM™s ability to potentiate BMP signaling. One possibility is that BMP ligands can
simultaneously bind one RGM and one type | receptor, where the resulting complex might
have different signaling kinetics due to altered receptor availability. However, further
investigation is required to establish the mechanism of RGM-mediated enhancement of
BMP signaling.

As BMP ligands have evolved to interact with numerous protein binding partners, it is not
surprising that they have been shown to engage other signaling receptors. Besides being
involved in their own signaling cascades, certain Receptor Tyrosine Kinases (RTK) have
been shown to interact with BMP ligands and receptors. Recently, the RTK Muscle-specific
kinase (MuSK) which consists of three immunoglobulin-like domains (Ig1-3) followed by a
Frizzled-like CRD domain, was shown to increase BMP signaling [116-119]. This co-
receptor activity did not require MuSK to have kinase activity [119]. The study showed that
the 1g3 domain of MuSK binds BMP. Interestingly, MuSK was also shown to interact with
the type | receptors Alk3 and Alk6 and activin type | receptor Alk4 [120]. The details of
how MuSK interacts with BMP ligands and receptors has not been determined.
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Receptor tyrosine kinase-like orphan receptors, ROR1 and RORZ2, are closely related to
MuSK with similar domain architecture apart from an extracellular Kringle domain [121-
122]. ROR2 was found to modulate GDF5/AIk6 signaling [123]. ROR2 is specifically trans-
phosphorylated by Alk6, independent of BMP ligands, and interacts via the Frizzled-like
CRD [123-124]. Further biochemical analysis supports that ROR2 competes with BMPRI|I
for Alk6 binding acting as a negative modulator of the BMP/SMAD pathway [124].
However, beyond these initial studies, limited research has been directed towards uncovering
the molecular mechanism for how ROR receptors bind BMP ligands or their cognate
receptors.

Prodomain-Ligand Interactions

As mentioned, all TGFp family ligands are synthesized as precursors composed of an N-
terminal prodomain and a C-terminal mature signaling domain or ligand. The prodomain is
essential for proper folding and dimeric assembly of the ligand and is cleaved from the
mature domain by proprotein convertases (PCs) such as Furin [49-50]. After cleavage, the
prodomain often remains non-covalently bound forming a procomplex. Ligand prodomains
are more divergent in function and fold than the mature domain and have gained significant
attention with respect to their structures and how they regulate ligand signaling [4, 38]. In
addition to folding, the prodomains are multi-functional and have roles in ligand latency,
localization, ligand stability/bioavailability and homo- and heterodimer formation [50, 86,
125-129]. Given their essential role, it is not surprising that a variety of diseases have been
associated with prodomain mutations. For example, cleft palate can be caused by a mutation
within the GDF11 prodomain preventing processing by PCs and mutations in the BMP9
prodomain are associated with hereditary hemorrhagic telangiectasia (HHT) [130-131].
While in certain cases, such as for the TGFp class and Activin class ligands GDF8 and
GDF11, the prodomain renders the ligand latent, generally for BMPs the prodomain is
thought to be readily displaced by receptor binding and does not interfere with signaling [38,
127-129, 132].

In the last decade, high-resolution structural studies have started to reveal prodomain-ligand
interactions. Included are crystallographic structures of TGFp1 (3RJR), GDF8 (5NTU),
activin A (5HLY), and BMP9 (4YCI) shown in Figure 2 [38, 127-128, 132]. These studies
have established the general structural features (and terminology) of the prodomain, and
have also revealed differences in how they bind ligands. A helix at the N-terminus, termed
al, is highly conserved and is typically positioned at the dimer interface, in a position
similar to where the type | receptor binds. For latent complexes, a “latency lasso” wraps
around the tip of the ligand fingers to the convex knuckle region, followed by the a2 helix
and the rest of the p-structure. The overall architecture of the prodomain can be found inin a
“closed” or ring-like state (TGFB1) or in an “open” conformation where the two prodomains
are splayed in a V-conformation (Fig 2A).

BMP9 bound to its prodomain is the only available crystal structure of a BMP procomplex
(Fig 2A) [38]. Overall, the BMP9 procomplex was shown to adopt an “open” conformation.
Binding data suggested the prodomain of BMP9 and BMP7 interfered with the type 1l
receptor binding, while type | binding was not affected [38, 133]. The structure supported
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these observations where the type Il receptor site was blocked through interactions with the
prodomain (a.2), but the type I receptors epitope was occupied by the a5 helix, instead of
the typical a1 observed in latent procomplexes [127-128]. It was suggested that the a5 helix
was displaced readily to allow for type | receptor binding. In fact, recently the BMP9 ligand
was solved in complex with both its prodomain and the type I receptor Alk1 [39]. This
structure revealed that the a5 helix is indeed displaced, while Alk1 is bound to BMP9.
These results suggest that differences in prodomain interactions with the ligand at the type |
binding site are important for differentiating the latent and non-latent procomplexes.
Interestingly, this might also be a product of the type | receptor affinities, where BMP
ligands, due to their higher affinity for the type | receptors, can more readily displace the
prodomain, whereas TGFp1 and GDF8/GDF11 have low affinity for the type I receptor [36,
47-48, 90-91, 101, 134]. Certainly, additional questions arise as to the posttranslational
function of the BMP prodomains and whether full dissociation of the prodomain from the
ligand occurs during signaling. Interestingly, other studies how shown that BMP7 can
transition from an open to closed, latent conformation through interactions with the ECM
(Fig 2A) [135].

While the prodomain is essential for proper folding, it also appears to have an important role
in facilitating homo- versus heterodimerization of the ligand. Evidence of a cross-over
interaction was shown in a recent crystal structure of the TGFB1 procomplex [136]. Thus, it
is logical to think that the prodomain must be “compatible” with its hetero-partner chain.
Experimentally, it was shown by the Christensen laboratory that the prodomain of BMP4
was both sufficient and required for the formation of a BMP4/BMP7 heterodimer [126].
Thus, the prodomains appear to be functionally important for the formation of ligand
heterodimers, to not only allow for the formation of desired heterodimers (i.e. BMP2/BMP4,
BMP2/BMP7, BMP9/BMP10), but are likely to be important for inhibiting the formation of
unwanted heterodimers.

Beyond Furin processing at the primary site connecting the prodomain and ligand, other
proteolytic events can occur within the prodomain. For instance, the GDF8 and GDF11
prodomains are cleaved by tolloid metalloproteases for activation [129, 137-139]. BMP
ligands are also subjected to more non-traditional sites of cleavage by PCs. BMP4 for
example has two cleavage sites - one directly N terminal of the mature domain (S1) as
expected and another upstream of the S1 site (S2) [140-142]. Sequential cleavage of the
BMP4 prodomain is essential for proper development and simultaneous cleavage caused a
reduction in mature BMP4 despite no change in precursor products [140]. Likewise, the
Drosophila ligand Gbb (a BMP7 orthologue) was shown to have alternate processing sites
which impacted activity and receptor preference [142]. This highlights that the prodomain
can be cleaved at different locations altering the function of the procomplex.

Extracellular BMP Antagonists

BMP signaling activity is tightly regulated prior to receptor engagement, not only through
prodomain interactions, but also by a series of neutralizing antagonists. A variety of
structurally distinct molecules regulate the activities of BMP ligands by effectively blocking
the receptor-ligand interactions [143]. Extracellular BMP antagonists are diverse, ranging
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from single-domain to larger multidomain proteins and bind distinct members of the BMP
class with different specificities and affinities. While this aspect of BMP biology has been
reviewed previously, this section will provide a general summary and highlight recent
research on both low and high-resolution structures [4, 144-149].

Secreted by the Spemann organizer, Noggin is covalently linked homodimer that potently
antagonizes BMP2 and BMP4, but can also target other ligands with lower affinity (e.g.
BMP6 and BMP7) [150-151]. In 2002, Groppe et al. resolved the high resolution crystal
structure of Noggin bound to BMP7 revealing that a Noggin dimer forms a symmetrical
caliper-like structure, making extensive contacts with the knuckle of each ligand [32]. The
N-terminus of Noggin threads into the convex surface of the dimer interface (Fig 2B), which
together effectively occludes both type I and type Il receptors from binding BMP. The N-
terminal segment interacts with hydrophobic residues in the composite interface of the BMP
ligand reminiscent of the type | receptor “knob-in-hole” binding mechanism [27]. The
binding at the type Il receptor site is blocked by the C-terminal half of the clip domain and
by two fingers via predominantly hydrophobic interactions. Thus, a single Noggin dimer
blocks all four receptor binding epitopes of a BMP ligand.

Chordin, also secreted by the Spemann organizer, is a multi-domain protein that antagonizes
BMP signaling. Chordin contains four cysteine-rich von willebrand factor C (VWC)
domains of ~80 amino acids each, important for BMP binding. The VWC domains are
located at the ends of Chordin with VWC1 located in the N-terminus and VWC2-4 located
in series at the C-terminus. The specificity of the individual VWC domains of Chordin with
different BMP ligands was characterized previously [152]. Multiple domains are important
for antagonism as Chordin can be cleaved at two sites (N-terminal and C-terminal) by the
BMP1/tolloid metalloprotease reducing the affinity of individual domain interactions and
liberating BMP. Currently, there is no crystal structure of Chordin alone or in complex with
BMP. However, Troilo et al. used transmission electron microscopy and small angle X-ray
scattering to generate a low-resolution structure of Chordin [153]. The structure shows a
horseshoe-like shape that supports a model where VWC1 binds one end of the BMP dimer
with VWC2-4 binding at the other end. This model is significantly different from Noggin,
as Chordin binds to the dimeric ligand in an asymmetric manner.

Phylogenetically similar to Chordin, Crossveinless-2 (CV2) is another extracellular BMP
antagonist that contains VWC domains [154-155]. Depending on cell context, CV2 can
either enhance or inhibit BMP activity [154]. At the N-terminus CV2 contains five VWC
domains followed by a von Willebrand factor type D (VWD) and a trypsin inhibitor-like
cysteine-rich domain. Domain analysis revealed that the first VWC domain (VWC1) is
responsible for the majority of BMP binding [152]. Leveraging this information, Zhang et
al., solved the structure of the VWC1 bound to BMP2 (Fig 2B) [25]. Two VWC1 domains
bound to each side of the ligand dimer. The VWC1 domain was shown to consist of three
parts, an ~8 amino acid N-terminus region referred as the ,,Clip”, a ~31 amino acid N-
terminal subdomain SD1, and a ~22 amino acid C-terminal subdomain SD2. The structure
showed that the clip domain securely occupies the wrist region of BMP2 and, similar to
Noggin, blocks the type I receptor binding site [25]. The subdomain SD1 binds the knuckle
epitope obstructing the type 11 receptor binding epitope. Thus, while structurally unrelated to
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Noggin, the VWC1 domain of CV2 adopts a similar strategy where the bulk of interactions
occur on the knuckle region with a coil segment that binds the dimer interface.

Twisted gastrulation (TSG) is another BMP modulator but is much smaller than the above
inhibitors. The N-terminal cysteine-rich domain, analogous to a VWC domain, binds BMP
ligands with high affinity [156—157]. Only a low-resolution structure of TSG alone is
available [158]. Interestingly, TSG not only binds BMP ligands, but also interacts with the
C-terminal region of Chordin through largely uncharacterized protein motifs in the TSG C-
terminal domain. This causes the formation of higher-order complexes which, similar to
CV2, can either enhance or inhibit BMP signaling [158]. However, the details of the
interactions of TSG, Chordin and BMP ligands remain unresolved at the atomic level.

Lastly, the DAN family is the largest family of BMP antagonists, containing seven members:
Gremlinl, Gremlin2, DANDS5, NBL1, Cerberus, Sclerostin (SOST) and SOSTDC1 [148].
These single domain antagonists exhibit varying specificities for different BMPs and can
bind other ligands of the TGFp family (e.g Cerberus neutralizes Nodal and activin B) [159—
161]. Besides BMP inhibition, both SOST and SOSTDCL can inhibit Wnt signaling by
binding with LRP5/6 receptors [162-165]. NMR structures of SOST revealed that DAN
proteins contain a core growth-factor like domain (central cystine-knot paired with extended
B-strands) with flanking N- and C- termini [166-167]. Subsequent crystal structures of
Gremlinl, Gremlin2, and NBL1 reveal that most members form highly stable non-disulfide
linked homodimers. Distinct from Noggin which forms a head-to-head dimer, the DAN
dimer is arranged in a head-to-tail fashion with extensive B-strand contacts holding the two
monomer together [168-170]. In 2016, our laboratory published the crystal structure of the
Gremlin2-GDF5 complex (Fig 2B) [44]. The complex revealed that Gremlin2 binds
perpendicular to the GDF5 ligand with a dimer of Gremlin2 on each side, forming an H-like
structure. The core growth-factor like domain binds the ligand knuckle and the N-terminus
threads into the type | epitope site, similar to Noggin and CV2. Thus, Gremlin2 effectively
blocks both type I and type 1l receptor binding sites on GDF5. Having both the ligand-bound
and unbound structures illuminates the molecular transition of the N-terminus from a helix
that shields the hydrophobic core domain to a B-strand and coil that bind the top ligand
finger and dimer interface, respectively. Interestingly, while other antagonists such as
Noggin and Follistatin form terminal inhibitory complexes, the nature of Gremlin2 binding
lends itself to a repeating structure, or a form of “daisy-chain” repeat [44]. While the
structure of Gremlin2 revealed the type I site is blocked, NBL1 which has a shorter N-
terminal extension does not inhibit type | binding [168]. The functional consequences of
these structural findings are difficult to ascertain, however, it brings to light the structural
diversity within the DAN family.

Here we have focused on BMP modulators that have, to some extent, been characterized
structurally. However, there are numerous other modulators that lack significant structural
characterization with respect to BMP inhibition. For example, Thrombospondin-1 (TSP-1),
SMOCs, and CCN family members have all been functionally characterized as BMP-
antagonists [171-175]. Furthermore, similar to prodomain interactions, the mechanism by
which these modulators interact with the ECM or other BMP binding proteins still needs
significant investigation.
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Intracellular Receptor Structures

Following the binding of a BMP ligand to the extracellular domain of both type | and type Il
receptors, the intracellular kinase domain of the type Il receptor will phosphorylate the type
| receptor. Thereafter, the activated type | receptor will bind and phosphorylate SMAD
proteins, which then accumulate in the nucleus to regulate transcription. In this section
structures of the intracellular kinase domains will be discusses as they have allowed us to
better understand this mechanism on a molecular level. While kinase domain structures have
been previously reviewed, a special focus will be placed on the receptors specific to BMPs
and how they differ from the other receptors in the family [5, 11, 51]. Also, several naturally
occurring mutations within BMP receptors which result in a wide array of diseases will be
reviewed, and the structures of these receptors are able to reveal about these mutations.

As mentioned, the receptors of the TGF family, both type | and type I, are serine-threonine
protein kinases. The first type | and type Il structures of a TGFp receptor kinases, the
structures of AIK5 and ActRIIB, revealed that these receptors adopt a canonical protein
kinase fold, consisting of a five-stranded p-sheet N-lobe, a hinge region linker, and an a.-
helical C-lobe (Fig 3A) [176-177]. However, some differences between the type I and type
Il structures exist. Type | receptors are regulated by a small 12kDa immunophilin protein,
FK-506 binding protein 1A (FKBP12), which sits atop the receptor, holding it in an inactive
state [176, 178-180]. Upon ligand mediated receptor assembly, the constitutively active type
Il receptor will phosphorylate the type | receptor within the GS domain, a ~30 residue
glycine-serine (GS) rich domain positioned between the cell membrane and N-lobe of type |
receptors [181]. Structures of Alk5 bound and unbound by FKBP12, have helped to explain
this mechanism of type I receptor activation [176, 178]. These structures show that
displacement of FKBP12 allows the GS domain and a conserved a-helix, termed a.C, within
the N-lobe to reposition to an open active confirmation. It is thought that this conformational
switch allows for direct binding between the type | receptor and SMAD proteins [178]. To
date, the intracellular kinase domain has been structurally resolved for the BMP type |
receptors Alk1, Alk2, and Alk6 and the type Il receptors ActRIIA, ActRIIB, and BMPRII
[177, 182-192]. All receptors share the mentioned conserved kinase fold, however, as
discussed in the sections below, slight changes in structural conformation and sequence
allow for specificity between receptors.

Much like their extracellular domains, the kinase domains all share a high level of structural
conservation. Despite this, these receptors are able to activate different SMAD proteins
leading to various signaling outcomes. SMAD specificity was first investigated by both Feng
and Derynck and Chen et al. who showed through generation of mutant or chimera
receptors, SMAD activation was specific to a loop in the N-lobe of the receptor, termed the
L45 loop (Fig 3A) [193-194]. For example, swapping the L45 loop of AIK5 for that of Alk3
resulted in an exchange of function, in which Alk5 was able to phosphorylate SMAD1 and
ALk3 was able to phosphorylate SMAD2 [194]. Using a combination of structures and
sequences we are able to visualize these regions of specificity using the ConSurf server to
color amino acids based on sequence similarity, grouping type | receptors (Fig 3C) and type
Il receptors (Fig 3D) [60—64]. Regions with high sequence conservation are colored in
yellow (type I) or orange (type 1) whereas low conservation is colored in gray. In general,
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the type | receptor sequences are more conserved than the type Il receptor. Regions with
high conservation in the type | receptor include the GS domain and much of the C-lobe.
However, as expected, the L45 loop as well as other regions predicted to interact with
SMAD proteins within the N-lobe differ between type | receptors (Fig 3C) [178]. The
overall high level of conservation of the type | receptors is reasonable, as the
phosphorylation sites of these receptors is conserved within the GS domain. Alternatively,
the type Il receptors contain several phosphorylation sites throughout their kinase domains
as well as other sites for posttranslational modifications and binding partners [195-196]. For
example, Xu et al. showed that the arginine methyltransferase PRMT1, which associates
with BMPRII, is required to initiate SMAD mediated BMP signaling and may justify the
slow kinetics of SMAD activation [196].

Within the context of BMP signaling, several pathogenic mutations are observed in the
kinase domains. Fortunately, structural studies of these receptors and their mutations have
aided in the careful design of small molecule inhibitors. A single point mutation in the
kinase domain of Alk2, R206H, which is located just after the GS domain, results in
aberrant signaling of Alk2, and the development of fibrodysplasia ossificans progressiva
(FOP). From the structure, it is believed that this mutation does not allow the binding of
FKBP12, thus resulting in an active receptor. Furthermore, the crystal structure of the Alk2
kinase domain bound to small molecule inhibitors has allowed for the design of a highly
specific inhibitor, LDN-212854, with enhanced selectivity for Alk2 [185]. Other studies
have used this structure-based drug design method to develop more potential therapies for
FOP and improve upon the pharmacological properties of these small molecules [190, 197].
Additional structural studies comparing the conformation of the ATP-binding pockets of
Alk2 and Alk3 have also been used to generate a small molecule therapy for treatment of
gliomas, E6201, and potentially explain the observed selectivity of this molecule for Alk2
[189].

Mutations in BMPRII are the predominant risk factor for 53-96% of heritable cases and
responsible for nearly 25% of idiopathic cases of pulmonary arterial hypertension (PAH)
[178]. A recent study by Chaikuad et al. solved the crystal structure of the conserved
BMPRII kinase domain and mapped the mutations found in PAH patients onto the structure.
Using this information, it is clear why these cause a non-functional BMPRII, as many of
these mutations are located in the hydrophobic protein core and would likely result in severe
steric clashes, disrupting the fold of BMPRII. However, some mutations were present on the
protein surface, suggesting that patients with these variants may be more responsive to
BMPRII targeted therapies [192].

Uniquely, BMPRII has a C-terminal tail extension of its intracellular domain, which is not
observed in any other type Il receptor. Studies conducted within the last 20 years have
shown that this region interacts with LIM kinase 1 (LIMK1) and Tctex-1, but for unknown
purposes [198-201]. Interestingly, PAH causing mutations are also found in the cytoplasmic
tail, suggesting that this unique feature of BMPRII plays an important functional role [202].
Furthermore, a more recent study investigating both a “short” BMPRII, consisting only of
the conserved kinase domain, and a “long” BMPRII, containing the full receptor, has shown
that the long form quickly undergoes clathrin-mediated endocytosis, while the short form
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has higher SMAD activity. Thus, it has been proposed that this cytoplasmic tail may be
important for regulation of BMPRII levels [203]. However, this region is still structurally
unresolved, and the mechanism for how it may be regulating BMP signaling remains
elusive.

Large structural gaps still exist within the field, including the lack both the intracellular
component and the full length receptor complex structures. Exactly how the type Il receptor
engages the type | receptor for activation remains unknown, as well as how SMAD proteins
specifically bind to type | receptors. Surely, complex structures of the intracellular
components would help to elucidate major questions remaining in the field. While structural
studies have formed the foundation for our mechanistic understanding of BMP signaling and
regulation, numerous gaps in our knowledge exists where future studies will be aimed at
understanding larger complex assemblies. For example, a structure of the full-length ligand:
receptor complex.
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Highlights:

Structural biology studies have been foundational in the understanding of
BMP biology.

BMP growth factors are structurally and biochemically distinct from other
members of the TGF family.

These structural features inform the distinct functional mechanisms of
signaling, processing, and inhibition of these fundamental signaling pathways.
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Figure 1.

BMP ligand and receptor structures. A) Phylogenetic tree of BMP ligands, separated into
subgroups by red lines and electrostatic surfaces of representative structures (underlined)
from each available subgroup. Electrostatic surface calculated using APBS Tools (hegative
potential - colored red, positive potential - colored blue; range from =5 to +5 Ay fe;) [78].
Structure PDB codes: GDF5 (5HK5), BMP9 (4MLP), BMP2 (3BMP), BMP7 (1LXI) [44,
35, 26, 33]. B) BMP ligand residue variance, measured using the ConSurf server, mapped to
BMP2 in ribbon (marine) and surface representation (colored based on variance, blue for
areas of conservation and gray for areas of high variability) [60-64]. Receptor binding sites
for type | (T1) and type Il (T2), and structural features are labeled. Structure PDB codes:
BMP2 (60MN) [30]. C) & D) Venn diagram depicting type | (C, yellow) and type 1l
receptor specificity (D, orange) with groups of ligands and structurally unresolved receptors
represented schematically. Type I receptor f4-p5 variable loop helix region highlighted in
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blue. Structure PDB codes: Alk1 (6SF2), Alk3 (2H62), Alk5 (6BMAC), Alké (3EVS),
BMPRII (2HLQ), ActRIIA:BMP2 (2GOO0), ActRIIB:BMP9 (4FAO), TBRII:TGFB1
(3KFD) [39, 48, 91, 43, 204, 8, 36, 90].
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Figure 2.
BMP complex structures. A) BMP procomplex containing BMP9 bound to its prodomain.

Structure PDB code: proBMP9 (4YCI) [38]. B) BMP antagonist complex structures of
GDF5 (marine and cyan) bound to Gremlin2 (red and pink), BMP7 (marine and cyan) bound
to Noggin (red and pink) and BMP2 (marine and cyan) bound to CV2 (red and pink).
Structure PDB codes: GDF5:Grem2 (5HK5), BMP7:Noggin (1M4U), BMP2:CV2 (3BK3)
[44, 32, 25]. C) BMP ternary receptor complex of BMP9 (marine and cyan) bound to
ACctRIIB (orange) and Alk1 (yellow). Structure PDB code: BMP9: ActRIIB:Alk1 (4FAQ)
[36]. D) BMP co-receptor complex of BMP9 (marine and cyan) and Endoglin OR domain
(pale green) modeled with structure of Endoglin ZP domain (green). BMP co-receptor
complex of RGMB (green) bound to BMP2 (marine and cyan) and NEO1 (gray). Structure
PDB codes: BMP9:ENDqgg (5HZW), ENDzp (5HZV), BMP2:RGMB (4U12) [37, 45].
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Variable —— Conserved Variable —— Conserved

Figure 3.
Structural features of BMP intracellular kinase domains. A) Structure of type | receptor

Alk6 kinase domain (3MDY) with GS domain (gold), L45 loop (green), aC (blue), and
Activation loop (red) highlighted and labelled [189]. B) Structure of type Il receptor
BMPRII kinase domain (3G2F) with aC (blue) and Activation loop (red) highlighted and
labelled [192]. C) & D) Sequence conservation of intracellular kinase domains. Using
ConSurf software and Clustal sequence alignment sequence conservation of type | (C) and
type Il (D) receptors is shown [60-64]. Conservation is colored from dark gray (variable) to
yellow (conserved) for type | receptors and orange (conserved) for type Il receptors.
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