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ABSTRACT. Bone morphogenetic proteins (BMPs) are extracellular messenger ligands involved in controlling
a wide array of developmental and intercellular signaling processes. To initiate their specific intracellular
signaling pathways, the ligands recognize and bind two structurally related serine/threonine kinase receptors,
termed type | and type Il, on the cell surface. Here, we present the crystal structures of BMP-3 and
BMP-6, of which BMP-3 has remained poorly understood with respect to its receptor identity, affinity,
and specificity. Using surface plasmon resonance (BIAcore) we show that BMP-3 binds Activin Receptor
type Il (ActRII) with Kg ~ 1.8 uM but ActRIIb with 30-fold higher affinity atkq ~ 53 nM. This low

affinity for ActRIl may involve Ser-28 and Asp-33 of BMP-3, which are found only in BMP-3’s type |l
receptor-binding interfaces. Point mutations of either residue to alanine results in up to 20-fold higher
affinity to either receptor. We further demonstrate by Smad-based whole cell luciferase assays that the
increased affinity of BMP-&sa to ActRIl enables the ligand’s signaling ability to a level comparable to
that of BMP-6. Focusing on BMP-3's preference for ActRIlb, we find that Lys-76 of ActRIl and the
structurally equivalent Glu-76 of ActRIIb are distinct between the two receptors. We demonstrate that
ActRIlIbgzsk and ActRIl bind BMP-3 with similar affinity, indicating BMP-3 receptor specificity is
controlled by the interaction of Lys-30 of BMP-3 with Glu-76 of ActRIlb. These studies illustrate how

a single amino acid can regulate the specificity of liganeceptor binding and potentially alter biological

signaling and function in vivo.

Transforming growth factor beta (TGF* superfamily

These ligands are involved in a diverse range of cellular

ligands are extracellular messengers that signal throughprocesses from dorsal/ventral patterning to bone formation
specific interactions with receptors on the surface of target and tissue repair to cell proliferation and differentiatiah (
cells. Approximately 40 members of the superfamily are Therefore, modulation of specific ligandeceptor interac-
found in the human genome and can be divided into severaltions can be an effective therapeutic means to control a

functional subfamilies including TGB; bone morphogenetic
protein (BMP), growth and differentiation factor (GDF),
activin and inhibin, and mullerian inhibiting substance (MIS).

variety of diseases ranging from skeletal and muscle
abnormalities to metabolic disorders and neoplastic develop-
ments 2, 3). In recent years, TGB-ligands have been shown

to be critical ingredients in the maintenance and guidance
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The hallmark feature of TGB-superfamily ligands is their
conserved structural architecture that provides an underlying
basis for the varying degrees of overlapping specificity seen
among ligane-receptor pairs. TGIB-ligands are synthesized
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prodomain and a C-terminal mature domain. To become
functional, the mature domain must first be cleaved from
the prodomain by a protease such as fuén Each mature
ligand subunit contains a unique scaffold consisting of three
disulfide bonds arranged in what is known as the ‘cystine
knot’” motif (7). Connecting two mature subunits is an inter-
subunit disulfide bond, generating the biologically active
form, a covalently linked dimer. The characteristic fold of
each subunit includes four beta strands forming two fingers,
giving the dimer a general appearance of a butterfly with
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the ‘cystine knot’ as the body and the two fingers as wings fracture healingZ6). While BMP-6 has been shown to form
spreading from the body. Some ligands, such as GDF-9 andcomplexes with a variety of receptors in different cell types
BMP-15, lack the cysteine forming the inter-subunit disulfide (23), few in vitro studies have examined the structural basis
bond yet still form stable dimers8). TGF{3 superfamily of BMP-6 receptor binding affinities and comparative
dimers have been found to exist mostly as homodimers butspecificities.

also as heterodimeia vivo (9, 10). Also involved in bone formation is a more distant member
The ligand-specific signaling process at the target cell of the BMP family, BMP-3. BMP-3 and its closely related
initiates when the TG ligand recruits two each of two  homologue BMP-3b (GDF-10) represent a rather distinct
receptor sets, termed type | and type Il. To date, seven typesubgroup of BMPs, sharing only40% identity with other
I and five type Il receptors have been identified in the human members of the BMP family ligand€7). Highly abundant
genome. The receptors possess an extracellular domainn demineralized bone, BMP-3 was initially thought to be
(ECD) arranged in the three-finger toxin foltilj, a single  osteoinducive8). However, recent studies have suggested
transmembrane domain, and a large intracellular serine/that BMP-3 possesses antagonistic properties. Conditioned
threonine kinase domain. The ligands are known to bind the medium of W-20-17 cells expressing BMP-3 were shown
receptors in a sequential manner, first to the high-affinity to inhibit BMP signaling characteristics in a variety of cell
receptors and then to the lower affinity receptors. In general, types @9). Additionally, in Xenopusembryos, BMP-3 was
the high-affinity receptors are the type Il receptors, but some shown to have actions opposed to those of BMB@.(The
ligands, such as BMP-2 and GDF-5, possess higher affinity mechanism for this unique signaling property remains
for their type | receptors1Q). The structural basis of this  unclear. Studies have proposed that BMP-3's antagonistic
sequential binding has been partially explained by a mem- apility comes from its ability to signal through the Smad-
brane-restricted conformational change of the flexible ligand, 2/3 (TGFf/activin) pathway 29, 31). More recently, BMP-3
as illustrated by the ‘wing-spread hypothesis’ for activi8)(  was suggested to be an extracellular antagonist, similar to
during the process of forming the 2-fold-symmetric assembly inhibin, by sequestering type Il receptors into a nonsignaling
of ligand and both receptor sets4. This model may apply  complex 82). To clarify the functional mechanism of BMP-3
to a different mode of assembly of other flexible ligands, action, further studies with respect to structure, receptor
such as TGFBIII (15). However, the hypothesis predicts that  affinity, specificity, and activity are necessary.
ligand flexibility will not affect the mode of assembly for The current study presents two previously undetermined
rigid ligands such as the BMP subfamily. There is evidence gnvp structures, BMP-6 and BMP-3, to a resolution of 2.49
indicating that only when all four receptors are assembled g 2 20 A, respectively. Using known liganteceptor
with the dimeric ligand, in a 6-member ternary complex, can complexes to generate homology models of the BMP-6 and
the downstream signaling cascade bedif)(The consti-  BMPp-3 structures, we identified key residues that are
tutively active type Il receptors phosphorylate the type | citically important for ligane-receptor affinity. Specifically,
receptors, which in turn phosphorylate the intracellular Smad o, BMP-3 we demonstrated how a single residue can govern
molecules. These phosphorylated Smads translocate to th%pecificity between different receptors and how altered

nucleus and interact with transcriptional regulatdrs (.8). receptor affinity has a direct effect on the ligand’s signaling.
Additionally, the signaling cascade initiated by the ligand-

specific receptor assembly is modulated locally by the MATERIALS AND METHODS

presence of ‘extracellular’ antagonists (e.g., Noggin and

inhibin), ‘intramembrane’ pseudo-receptors lacking an in-  Protein Expression and Purificatiothe mature domains

tracellular kinase domain (e.g., BAMBI), or ‘intracellular’  of human BMP-3 (residues—1110) and human BMP-6

inhibitory Smads (e.g., Smad-7)§ 19). (residues +132) were expressed i&. coli as inclusion
The BMP subfamily was originally discovered by its bodies. The expressed inclusion bodies were isolated, puri-

ability to induce ectopic bone growth in mamma2g), but  fied, and refolded using a modified protoca3. The

subsequent studies have shown that BMP ligands arerefolded BMP-3 and BMP-6 were purified using a HiTrap

involved in a much wider range of cellular functioris<3, heparin column (GE Healthcare) and reverse phase chroma-

21). Members of the BMP family generally have the ability tography (GraceVydac). The ligands were lyophilized and

to bind a wide range of receptors. While activins are able to resuspended in 10 mM sodium acetate, pH 4.0. The ECDs

bind ActRIb (ALK-4), ActRIl, and ActRIlb, BMPs are able  of human BMPRIa (residues—1129) and mouse ActRIlb

to bind BMPRIa (ALK-3), BMPRIb (ALK-6), and BMPRII (residues 198) were expressed i&. coli as thioredoxin

in addition to ActRla (ALK-2), ActRIl, and ActRIlb 22— fusion proteins using a modification of published procedures

24). Since the various BMPs bind these different receptors (34). Mouse ActRII-ECD (residues-1102) was expressed

with a broad range of affinities and specificities, this innate and purified from aP. pastoris expression system as

ability must lie in the structural differences between the BMP described 5).

ligands. Crystallization and Data CollectiorBMP-3 was crystal-
BMP-6, along with BMP-5, -7, and -8, possess high lized using the hanging drop vapor diffusion method in 26%

affinity for their type Il receptors and lower affinity for type tert-butyl alcohol and 0.1 M sodium citrate, pH 5.6. The

| receptors, whereas BMP-2 or -4 exhibit higher affinity for hexagonal crystals grew to an average size of @00 x

their type | receptors2@, 24). Compared to other BMPs, 50um in 3 days at ambient temperature in space gid@p

such as BMP-2 or BMP-7, BMP-6 has more potent osteoin- with a = b = 96.8 A andc = 101.5 A. The crystals were

ducive properties as well as being shown to be the strongestsoaked in mother liquor with 15% glycerol (used as a

inducer of human mesenchymal stem cell differentiati). ( cyroprotectant) for<5 min before being flash frozen in liquid

BMP-6 also plays a key role in bone formation and decreasednitrogen. Diffraction data were collected at the Advanced
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Light Source (ALS) beamline 8.3.1. BMP-6 was crystallized
using the hanging drop technique in 15% 2-methyl-2,4-
pentanediol (MPD), 0.2 M trisodium citrate, and 0.1 M

HEPES, pH 7.5. These crystals were triangular in shape and

grew to 200 x 100 x 50 um after a week at ambient
temperature in space gro®3,21 witha=b = 97.4 A and
c=87.4 A. The crystals were flash frozen as above with no
cryoprotectant added. Diffraction data for BMP-6 were
collected at the Stanford Synchrotron Radiation Laboratory
(SSRL) on beamline 9-2. Both BMP-3 and BMP-6 data sets
were integrated and scaled using HKL2086)( Molecular
replacement, using PHASERTY), was used to solve for the

initial phases. The best model was achieved by searching

for two independent monomers in the asymmetric unit, using
BMP-2 as the search model for BMP-3 and BMP-7 as the
search model for BMP-6. The models were then refined using
REFMACS5 37) interspersed with rounds of manual building
in COOT 37) and O B38). A single translation, liberation,
and screw rotation (TLS) group was used for each monomer
of BMP-3 and BMP-6 during the refinement. BMP-3 was
refined to a final resolution of 2.20 A with aR factor of
22.8% and a fre® factor of 25.7%. BMP-6 was refined to

a resolution of 2.49 A, exhibiting aR factor of 23.3% and

a freeR factor of 27.6%. Both structures showed good overall
geometry as determined by PROCHEC39), with 89.1%
and 86.4% of the residues for BMP-3 and BMP-6, respec-
tively, in the most favored regions and none in the disallowed
regions.

Surface Plasmon Resonance (BlAcore) Affinity Studies.
The affinity of the ligands to BMPRIa, ActRIl, and ActRIlb
was monitored using a Biacore 3000 (GE Healthcare), and
the data were analyzed using BlAevaluation software ver.
4.1 (GE Healthcare). Using primary amine coupling, receptor
ECDs were immobilized on a CM5 chip. The receptors were
immobilized independently on flow cells—24 for 10 min
at a flow rate of 5uL/min and a concentration of 20M
in 10 mM sodium acetate, pH 4.0. Flow cell 1 was left
blank with no immobilized protein as a negative control.
The experiments were performed at a flow rate of/40
min in 20 mM Tris-HCI, pH 7.9, 250 mM NacCl, 0.36%
3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate (CHAPS), and 0.005% Tween-20. At least five
concentrations, plus a zero concentration, were used per tria
for kinetic analysis, and the data were fit using a global 1:1
Langmuir binding with mass transfer. To calculate the overall
Kp for each ligand, the data from all independent trials were
averaged and the standard deviation was calculated=as
V((x — m)Z(n — 1)), wheremis the mean and is the total
number of trials.

Luciferase Reporter AssaySmad1-dependent luciferase
assays were performed as previously descriB8d [n brief,
C2C12 myoblast cells are cultured in Dulbecco’s minimum
essential medium (DMEMy- 5% FBS supplemented with
L-glutamine and antibiotics. For luciferase reporter assays,
cells were trypsinized, washed twice with PBS, and plated
into 48-well plates with DMEM+ 0.1% FBS. Twenty-four
hours later, cells were transfected witl11471d1-luciferase
construct containing the Smad binding sites (Id1-Lu), (
41), a Smad-1 expression construct, and a CAGGS-LacZ
plasmid using Fugene6 (Roche) according to the manufac-
turer’s instruction. Luciferase activity was measured 24 h
after stimulation with ligands, and the values were normal-

Allendorph et al.

Table 1: X-ray Collection and Data and Refinement Statistics

BMP-3 BMP-6
data collection
space group H3 P3:21
no. of observations 50 312 87 590
unique reflns 17 488 16 044

resolution range (&) 28.0-2.2 (2.28-2.20) 42.5-2.49 (2.59-2.49)

averagd/ol 15.9 (6.2) 23.9 (2.0)
completeness (%) 97.9 (99.9) 93.0 (57.0)
Rsym (%) 5.5(31.3) 5.3(43.7)
refinement
resolution range 27.962.20 42.5-2.49
Reryst (%0) 22.8 233
Riree (%0)° 25.7 27.6
average B factor (8 46.5 63.3
rms deviation

bonds (&) 0.012 0.010
angles (deg) 1.327 1.396
no. of atoms

protein 1682 1646

water 98 66
no. of TLS groups 2 2

Ramachadran analysis (non -Gly, -Pro, terminal residues)
most favored regions 163 (89.1%) 159 (86.4%)
additionally allowed 16 (8.7%) 21 (11.4%)
regions
generously allowed 4 (2.2%)
regions

4(2.2%)

a Numbers in parentheses correspond to the highest resolution shell.
b Calculated from the 5% of the data not used in refinement.

ized for transfection efficiency using beta-galactosidase
activity. The activity of the luciferase reporter is expressed
in fold induction relative to control values that are obtained
using—9271d1-luciferase that lacks Smad binding domains
(ld1-Luc mut).

RESULTS

Structure of BMP-3 and BMP-@.able 1 summarizes the
X-ray diffraction data and refinement statistics of BMP-3
and BMP-6 determined at a resolution of 2.20 and 2.49 A,
respectively. As with previously solved BMP structures, the
N-terminal residues of BMP-3 (43) and BMP-6 (1-28)
are disordered and not visible in the electron density maps.
Both ligands exhibit the classic TGFfamily architecture
Wwith each monomer containing a cystine knot motif, four
beta strands, and the conservechelix H3. Two ligand
monomers are connected by an inter-subunit disulfide bond
resulting in a covalently linked dimer in the overall shape
of a butterfly with two curved fingers (or wings) extending
outward from the cystine knot (or body) (Figure 1a for BMP-
3; Figure 1b for BMP-6). Previously solved BMP complexes
have shown that the type Il receptors bind to the outside or
knuckle region of the fingers, while the type | receptor
binding site is formed by residues at the junction between
two monomer subunits, near the prominent helical motif H3,
designated the wrist regiori4, 42—44). The overall fold
of BMP-3 is surprisingly similar to that of BMP-2, including
the relative spread angle of the two wings, with an average
Ca. rmssey of 1.02 A over the entire molecule. The regions
with the largest differences are the tip region of both fingers
and theH3 pre-helix loop region. BMP-6 is most similar to
BMP-7 with an average € rmsse, of 1.22 A over the entire
dimer. As with the structural comparison of BMP-3 and
BMP-2, theH3 pre-helix loop region of BMP-6 (residues
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Ficure 1: Structures BMP-3 and BMP-6 with homology model of BMP-3/BMPRIa-ECD/ActRII-ECD. (a) BMP-3 in gold and red. (b)

BMP-6 in bronze and purple. Inset of b focuses on the different

BMPR-Ia

H3 pre-helix loop conformations of BMP-2 bound to BMPR-la (blue),

unbound BMP-7 (gray), and unbound BMP-6 (purple). Sulfur atoms are depicted as yellow spheres. (c and d) Surface-rendered homology
model of BMP-3 (red and gold) with BMPRIa-ECD (blue) and ActRII-ECD (green). Panel c is orientated as seen in the membrane, while
panel d is looking down into the membrane. Panels a and b were generated using MOLSE8JRIRd panels ¢ and d were produced

using DINO (http://www.dino3d.org).

65—73) shows the largest difference between the BMP-6 and BMPs 32). The BMP-3:ActRII interface is predicted to have

BMP-7 structures. Interestingly, this loop was observed in
different conformations among noncrystallographically re-
lated monomers. In monomer B of BMP-6 (Figure 1b,
bronze) theH3 pre-helix loop overlays very well with that
of BMP-7, while in monomer A of BMP-6 (Figure 1b,
purple) the loop shows a large movement, with up toca C
rMssev Of 9.47 A for residue His-71 (Figure 1b, inset). Apart
from the local conformational flexibility seen in the loop

a buried surface area of 778 Avhich is slightly larger than
the buried surface area of 6602 for BMP-2:ActRIl and
670 A2 for BMP-7:ActRII. Interestingly, the recently released
BMP-2:ActRIIb interface has a large buried surface area of
763 A2 (43).

As with BMP-3, BMP-6 can be readily positioned in place
of BMP-2 in the ternary complex without significant adjust-
ment to the backbone of BMP-6. The buried surface areas

regions, these results reiterate the backbone inflexibility of for BMP-6:BMPRIa (1280 &) and BMP-6:ActRII (663 &)

BMP family members as compared to activirg or TGF{
(15).

Highly Consered Receptor-Binding Interfaces of BMP-3
and BMP-6.To delineate the structural determinants of
receptor binding and specificity for BMP-3 and BMP-6,

compare closely with those of BMP-2:BMPRIa (1217 A
and BMP-7:ActRIl (670 A&). Interestingly, we noted that
the H3 pre-helix loop of monomer A of BMP-6, unlike
monomer B of BMP-6, is shifted dramatically away from
the BMPRIa-bound conformation (modeled by BMP-2:

homology models were generated using the structure of theBMPRIa structure, Figure 1b inset, blue). If tH8 pre-helix

ternary complex of BMP-2/BMPRIa-ECD/ActRII-ECD as
a template 14). The BMP-3 ligand can be superimposed
over BMP-2 without significant adjustments, forming well-
fit interfaces for both BMPRIa and ActRIl with BMP-3. The
type | interface of BMP-3 and BMPRIa is found at the
junction of the BMP-3 monomers (Figure 1c,d, blue) with a
predicted buried surface area of 1268dbmpared to 1217
A2 for BMP-2:BMPRIa. The placement of the two ActRI|
molecules with BMP-3 (Figure 1c,d, green) gives rise to an
interface similar to other previously seen type Il interfaces
(13, 14, 42, 44). This is contrary to a suggestion that BMP-3

loop of monomer A remained in this position (Figure 1b
inset, purple), the side chains of these residues would
sterically clash with residues from BMPRIa. To avoid these
potential clashes, the apparently flexih#@ pre-helix loop
of BMP-6 must adopt a conformation closer to that of the
bound BMP-2 upon binding BMPRIa. The predicted ternary
complexes of both BMP-3 and BMP-6 display different
receptor types that would not contact each other (Figure 1
c,d).

A detailed comparison of the contacts formed at the
interfaces of BMP-3:ActRIl, BMP-3:ActRIlb (based on

may have a unique type Il binding site compared to other homology model to the activin:ActRIIb structur¢3)), and
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BMP-6:ActRIl (based on the homology model to the BMP-
7:ActRIl structure 42)) strengthens the hypothesis of a
common binding mode for all type Il interfaces. The
hydrophobic core contacts, as well the most highly conserved
contacts seen in previously solved type Il interfaces, are
predicted in all three new interfaces (Figure-2h pink and £
green residues). Similar to previously solved liganeceptor L ActRII (or ActRIIb)
complexes, the majority of the unique residue contacts are
located at the periphery of the binding interfaces (Figure 2b
d, blue residues). Further, the contacts in the predicted BMP-
3:ActRIl interface closely resemble the contacts in the
recently published BMP-2:ActRIlb interface (Figure 2e).
Minor differences in the contact residues between the BMP-3
type Il interfaces are probably due to slight positional changes
between the residues of ActRIl and ActRllb and the
experimental cutoff distance 4 A for contacts. For instance,
although residues Lys-37 and Asn-65 are present and
positionally equivalent in both ActRIl and ActRlIIb, they are
only noted in the BMP-3:ActRIl interface in Figure 2 because
of the aforementioned criteria.

BMP-3 Preferentially Binds ActRIIA:he highly conserved
structural framework among BMPreceptor interfaces sug-
gests that ligandreceptor affinity and specificity is encoded
by a few key amino acids. While previous studies have
shown that BMP-3 is capable of binding ActRIIB2) and
that BMP-3 can antagonize the actions of BMP32,(32),
the nature of these BMP-3eceptor interactions have been
poorly characterized. Using surface plasmon resonance ¢ % ./
(BIAcore) we measured the binding affinities of BMP-3 to
ActRII-ECD and BMPRIa-ECD by individually immobiliz-
ing the receptor ECDs to the chip surface. BMR43inds
to BMPRIa-ECD and ActRII-ECD with affinities oKy =
0.307 and 1.84:M, respectively (Table 2), suggesting that
both BMPRIa and ActRII are relatively low-affinity receptors
for BMP-3. A typical high-affinity receptor interaction for
BMP ligands shows &4 of 1—5 nM, while lower affinity
receptor interactions are typically found in the-5800 nM

range. Binding affinities are shown for BMP-2 and BMP-7

tested on the same chip surface for comparison (Table 2). by
In contrast to the very low affinity of BMP+3 to ActRII-

ECD (Kq ~ 1.8 uM), the affinity of BMP-3, to ActRIIb- e

ECD isKyq = 52.6 nM (Table 2). This is a surprising 30-
fold higher affinity as compared to ActRII-ECD and also
6-fold higher affinity than compared to BMPRIa-ECE(
= 307 nM), indicating that ActRIIb is the true higher affinity
receptor for BMP-3. Because all other ligands we tested do
not show such a high degree of discrimination between
ActRIl and ActRlIlb, these results indicate a unique ability
of BMP-3 in encoding its type Il receptor specificity.
Closer comparison of the two predicted BMP-3 type Il BMP-2 ActRIIb
interfaces with known type Il interfaces yielded two key
amino acids, Ser-28 and Asp-33, that are uniquely presentricure 2: Predicted type Il interfaces of BMP-3 and BMP-6 with
in BMP-3. Ser-28 of BMP-3 lies at the bottom of the ActRIl or ActRIIb. (a) Surface rendering of a BMP ligand with a
hydrophobic core of the interface. packing against Phe-83 JEe 1 Scebior peeied ey, 2 1 Lox NORIOHS e sose e
of ActRII (Figure .3’ box_ 1)._The polar side chain of Ser-28 as space-filling models. (b) BMP-3:ActRIl interface, and (c) BMP-
presents a potential steric hindrance as well as an unfavorables: actRIlb interface. (d) BMP-6:ActRIl interface. (e) Recently
interaction with the nonpolar surface of the receptor. Disrup- solved BMP-2:ActRIIb interface as comparison. The asterisks in
tion to this hydrophobic core has been previously shown to panels b-e represent interface contact points. Identical contacts,
inhibit binding of ActRIl 45). Sequence comparison with compared with known interfaces of BMP-2:ActRIl, BMP-7:ActRII,

. and activin:ActRIlb, are shown in pink, and highly conserved
all other BMP sequences shows that BMP-3 is the only contacts are shown in green. Unique contacts are shown in blue.

ligand to have a serine at this location, whereas all other panel a was produced using DINO (http://www.dino3d.org), while
ligands have an alanine. The second amino acid, Asp-33,panels b-e were generated using MOLSCRIPG3).
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= @l H, “JdHo Sl He ® g and BMP-3334 also show a 10- and 20-fold increase in
553 3882 3582 4 8% affinity to ActRIIb-ECD (Table 2). TheKy of BMP-3s58a
xxd o xxd oxxy 8 g< and BMP-333a to ActRIIb-ECD is 11.3 and 4.06 nM,
RIS ! = BN = 2 ) respectively, making them near-high- to high-affinity interac-
58 tions. A double mutant of BMPg3gapsza does not show a
‘g 2 further increase in binding affinity over the single mutants,
S e S e S5 2 indicating that their contributions to the binding energy are
R R IR 8 ° highly coupled because of the proximity between them.
o V& ~ & N £z BMP-3 and BMP-6 Receptor Specificitihile the BMP-
2 ® - «® T 3 and BMP-333s mutants account for a significant
S| M Ay Y c.8 3528A . 33A M g
219 s 59 ~ Lso EE, increase in overall affinity to both ActRIl and ActRIlb by
g A ;\H’ A z DRVRNE: -y removing their potentially unfavorable interactions at the type
S ST IS8H U5 ° S o Il receptor-binding interface, the specificity determinant for
L% dH©  Umd~ o © < B e the 30-fold affinity difference of BMP-3 between ActRIl and
o §§ ActRIlb must be encoded on the receptor. Among residues
3 L 7 L T 28 at the interface of BMP-3 with either ActRIl or ActRIIb,
< a8 =% % % 7T Lys-76 of ActRIl and Glu-76 of ActRIIb are unique such
£ < x © X S x Sx |ab that they are positioned to form either an unfavorable or
218 43 w ~ 3 o2 |2§ favorable interaction with Lys-30 of BMP-3 (Figure 3, box
g = Sy 2 Hy o 3y - R ° E% 3). To test the idea that Lys-30 is one of the key residues
a 987 982 587 982(FE encoding the specificity between ActRIl and ActRIlb, a
E seld 53 ﬂ I8 33 ﬂ 'ﬁ 2 mutation c_)f Glu-76 to Lys-76 was int_roducet_d into ActRIIb.
= ©Shp ©o ooy Wog|gh By removing the favorable charge interaction present be-
< N~ Q ~ - < - ™ © <
o ° N ° ©leg tween Lys-30 of BMP-3 and GIu-76 of ActRIlb, ActRIlb
5 - - - - § fé’ now mimics ActRII. For this experiment, BMPsg,, a h|gh-_
- 2| iz wiz wiT weo|DF aff!n!ty ligand to A_ctRII-ECD, was used to compare its
&l g 352 SSZ 352 552 |eRg affinity more readily to ActRIlb-ECRre«. Compared to
£ = 352 35S 58 F59 = % g ActRIIb-ECD, the affinity of BMP-3,g4t0 ActRIIb-ECDz76x
~ om was decreased 10-fold froildy = 11.3 to 137 nM (Table
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2). This new affinity was comparable, if not weaker, than
the affinity to ActRII-ECD Kq = 96.5 nM). BMP-2 has a
proline at the position structurally equivalent to Lys-30 of
BMP-3 and does not exhibit a difference in affinity between
ActRIIb-ECD and ActRIIb-ECR;ex (Table 2).

The high degree of discrimination in affinity between
ActRIl and ActRIIb appears to be unique to BMP-3. BMP-
2, BMP-6, BMP-7, and activin do not display a significant
discrimination for their type Il receptors. For instance,
BMP-6 shows comparable affinities & = 7.39 and 6.87
nM for ActRII-ECD and ActRIIb-ECD, respectively (Table
2). BMP-7 also displays similar type Il receptor affinities to
those of BMP-6 (Table 2), which would be expected from
their high degree of similarity. While BMP-6 and BMP-7
share similar biological functions and type Il receptor
affinities, it is interesting to note the large difference in type
| receptor affinity. The affinity of BMP-7 to BMPRIa-ECD
atKy = 1.67uM is over 20-fold weaker than the affinity of
BMP-6 to BMPRIa-ECD with &y = 67.2 nM (Table 2).
Initial comparisons of the type | interfaces of BMP-6 and
BMP-7 with BMPRIa-ECD have yet to identify single, key
residues responsible for this affinity difference (data not
shown). This result indicates that type | receptor affinity may
be mediated through the arrangement of multiple residues
rather than individual residues as seen in the type Il
interfaces.

BMP-3 Mutants Can Actate the Smad-1/5/8 Pathway.
To test whether the receptor affinity data are relevant to the
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functional activity of BMP-3, we made use of a luciferase
reporter system that illustrates T@Fsignaling activities

BMP-3
D33A

quantitatively. To characterize the interactions of BMP-3 and g gyre 4: Smad-1 luciferase reporter assays display various BMP

BMP-3 BMP-3

S28A

Control None

(Id1-Luec mut)

BMP-6 with the receptors BMPR-la, ActRII, and ActRIIb, ligand activities. (a) Activities of BMP-2, BMP-3, BMP-6, and
we chose the Id1-Luc as a reporter clone. It is known that BMP-7 as an increase in relative fold activity over background.
B receptors sgnal trough the Smac-LIS/8 pathway and (5 Aliles of SNE-&, B Sy and BUE Sy e rlahe,
the .Idl promoter cc_)ntalns a. well-characterized Smad-1- activation values are meah standard deviaiion from triplicatéd
binding site responding to activated Smad4B)( Removal  experiments, the axis shows the ligand concentration in ng/mL,
of this site (Id1-Luc mut) abolishes any response, demon- while they axis shows the relative fold activity.

strating that the 1d1-Luc is a Smad-1-dependent repat®r ( . . )
The C2C12 cell line was chosen as it expresses numeroudion by the same concentration of BMP-2 (Figure 4a). BMP-3
BMP-specific receptors including Alk-2 (ActRla), Alk-3 showed an |r_13|gn|f|cant and nonconcentratlon-(_jependent
(BMPRIa), Alk-6 (BMPRIb), BMPRII, and ActRII 23, 47— level of signaling through 'th.e Smad-_l pathway (Figure 4a)
49). Additional TGFA receptors Alk-4 (ActRIb), Alk-5 BMP-3's poor receptor affinity most Ilkely accounts for _th_ls
(TGF-RI), Alk-7, and TGFARII are also expressed in this pbserved .Inabl|lty to_ s_,lgnal. To test if higher rece_pt_or affinity
cell line (47, 49). Even in the studies designed to detect impacts ligand activity, we compared the activity of the
ActRIIb, ActRIlb expression was not found in C2C12 cells BMP-3 mutant ligands in the Smad-1-dependent reporter
(47, 49). The absence of ActRIIb in C2C12 cells has been aSSay. The BMP-3s, mutant showed a significant increase
confirmed in our own experiments (data not shown). Because !N itS ability to activate the 1d1-Luc reporter and §t|mulated
fetal bovine serum (FBS) is known to contain BMP-like the reporter activity 13.7-fold at 300 ng/mL (Figure 4D).
activity (41), we used low serum concentration, 0.1% FBS, Introduction of the S28A mutation now increases BMP-3
in order to minimize any interference on the assay. activity to a level S|m|Iar. to that c_)f_BMP—G. Interestingly,
We first compared signaling activities of the wild-type although BMP-3334 has similar affinity for ActRII-ECD as
ligands. As reported previously, BMP-2 shows strong signal- BM.P'3_528A« BMP-3p33a did not exhibit as S|gn|f|can't an
ing activity in a concentration-dependent manner (Figure 4a). activation of the Id1-Luc reporter as did BMRg with
This is consistent with our and other8Q) data showing ~ ©nly @ 3.2-fold stimulation at 300 ng/mL (Figure 4b).
high affinity of BMP-2 to BMPRIa-ECD (Table 2). BMP-7
also displayed strong stimulation of the Smad-1-dependent
pathway, similar to BMP-2. Despite its relatively low affinity
to BMPRIa, BMP-7 is still able to signal because C2C12
cells express ALK-2 which can activate Smads1)( BMP-6
shows weak signaling activity with only 2.3- and 9.01-fold
Id1-Luc stimulation at 10 and 100 ng/mL, respectively. This
stimulation is approximately-813% of the Id1-Luc activa-

DISCUSSION

How the approximately 40 TGB-superfamily ligands
differentially bind and signal through only 12 common
receptors remains elusive. The disparity in the number of
receptors to ligands means each receptor has multiple ligand
binding partners. For instance, ActRIl binds activin and
BMP-7 with high affinity, around 1 nM, while binding
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BMP-2 with lower affinity at~50 nM (Table 2) 14, 42). activity, we compared their activity against wild-type BMP-3
We and others have previously shown that a hydrophobic activity in C2C12 cells. Consistent with previous results,
core is highly conserved between both lower and high- BMP-3,: did not show significant activity; however, the
affinity type Il interfaces 14, 44). On the basis of our newly ~ BMP-3s234 mutant showed comparable activity to that of
solved crystal structures of BMP-3 and BMP-6, their BMP-6 (Figure 4a and b). This is similar to a report in which
predicted type Il interfaces with ActRII or ActRIlb also share increased affinity of BMP-2 to ActRIIb results in increased
this motif (Figure 2b-d). Using BlAcore with immobilized activity in C2C12 cells 44). Even though BMP-$s3a
receptor ECDs, BMP-6 bound ActRII-ECD with high displayed a similar increase in affinity for ActRII-ECD as
affinity, similar to BMP-7, while BMP-3 displayed extremely = BMP-3s,g,, it failed to show a comparable increase in activity
low affinity at ~2 uM. (Table 2). A closer look at the in our luciferase assays. The inability of BMBs3 to
predicted BMP-3:ActRIl interface revealed residues Ser-28 increase cellular signaling activity despite its increased
and Asp-33 in BMP-3 to be unique compared other known binding affinity to ActRII-ECD highlights the complexity
type Il interfaces. Mutation of either residue to alanine to of the signaling in a cell. This discrepancy between the
remove unfavorable interactions resulted in an increase inmutants may be explained by influences of other components
affinity to ActRII-ECD of 20-fold. Both of these residues in the ligand-receptor assembly occurring on the cell surface
are found in the loop region of finger 1 in BMP-3 and suggest for productive signaling. Our data shows that higher affinity

this loop plays a major role in determining type Il receptor
affinity. Interestingly, residues at the top of the hydrophobic
core have been shown to affect type Il binding in other
TGF+ ligands. In activin, mutation of Lys-102 has been
shown to decrease binding to ActRB3), while in BMP-2
a single mutant L100K1(4) (equivalent to Lys-102 in activin)
or double mutant L100K/N102D4#) has been shown to
increase BMP-2 binding to ActRII or ActRlIlb, respectively.
Our data shows that BMP-3 binds ActRIIb-ECD with 30-
fold higher affinity than to ActRII-ECD (Table 2). This large
difference in affinity of BMP-3 to ActRIlb over ActRII is
surprising given that the ECDs of ActRIlI and ActRIIb are
63% identical and 92% similar. Further, the buried surface
area of the BMP-3:ActRlIl interface is predicted to be much
larger than the BMP-3:ActRIIb interface. However, buried

of the BMP-3 mutants to isolated ActRII-ECD, as demon-
strated on the BIAcore chip surface, is a reasonable but not
an entirely accurate predictor for increased signaling activity.
This apparent disjunction between affinity and activity is not
unprecedented in other systers$§); We predict that BMP-

3wt Will signal through ActRIIb in a similar manner to BMP-
3s28a With ActRII because they share comparable receptor
binding affinities. The lack of activity of BMP+3 in our
assays is due to the absence of ActRlIIb expression in C2C12
cells, which has been previously report@8,(47—49).

BMP-3 was shown to complex with ActRIIb and ALK-4
(32), which is similar to the activin signaling complex known
to signal through the Smad-2/3 pathwdi); It has been
suggested that BMP-3, by signaling through the Smad-2/3
pathway, could antagonize BMP-2 function intracellularily

surface area for the type Il interface does not seem to (31). Therefore, how BMP-3 can function as a BMP

dominate overall affinity. For example, BMP-2 has similar
affinity for ActRII-ECD and ActRIlb-ECD, but the BMP-
2:ActRIlb interface has 15% more buried surface area.
Among those ActRII binding ligands we studied, activin
shows the next largest difference in affinity, only 4-fold,
between these receptors. Even though the BMigs&and
BMP-3p33a mutations increased overall affinity to both
ActRII-ECD and ActRIIb-ECD, they did not account for the
affinity difference between the receptors. Comparison of the
BMP-3:ActRIl and BMP-3:ActRIIb interfaces yielded one
significant difference: Lys-30 of BMP-3 makes a potentially
favorable interaction with Glu-76 of ActRIIb, which is
structurally equivalent to Lys-76 of ActRIl. When the E76K
mutation was introduced into ActRIIb, BMP-3 affinity could
indeed be decreased for ActRIIb-ECD to the level of ActRII-
ECD (Table 2). This suggests that BMP-3 type Il receptor
specificity is largely controlled by a single amino acid contact
through Lys-30. This single amino acid specificity switch
has been seen in other T@Higands. For instance, a single
amino acid in GDF-5 was shown to regulate type | receptor
specificity (63), while a three amino acid group in the
different TGF# isoforms determines affinity to TGERII
(54). This general notion that a single residue or a few

antagonist while the BMPs3ga mutant can activate the
Smad-1/5/8 pathway remains unclear. One potential key may
be the prodomain of BMP-3. It has been shown that BMP
prodomains can regulate signaling activity, stability, and
signaling range of the mature domairs/,(58). Much of

the functional work with BMP-3 has been performed using
conditioned medium containing BMP-3. This medium may
contain the prodomain as well as the mature domain of BMP-
3, which could alter BMP-3's function if the two domains
interact. In the case of BMP-9 crystallized from conditioned
medium, the prodomain was shown to be present and form
a tight noncovalent complex with the mature BMP-9 dimer
(59). The prodomains of numerous other BMP ligands have
also been shown to noncovalently bind the mature ligand as
well as other proteins in the extracellular matrB0( 61).
Another possible regulation mode for BMP-3 could be the
presence of unknown co-receptors on the cell surface. Cripto
and Betaglycan are known TGF-ligand co-receptors
important for modulating receptor binding and signaligg)(

The binding of BMP-3 to either one of these molecules, or
a similar molecule, might affect downstream signaling.
Finally, we cannot exclude the possibility that the binding
of BMP-3 to different type Il receptors (ActRII vs ActRIIb)

residues dominate receptor binding affinity has also beenmay alter type | receptor recruitment. These differences in
demonstrated in other systems, such as human growthfinal complex formation may result in changes to downstream

hormone receptor binding).
Previous studies failed to show activity using recombinant

signaling.
Although highly homologous, BMP-6 and BMP-7 appear

BMP-3, and these results may have simply been due to theto have distinct type | receptor specificities with BMP-6

poor affinity of BMP-3 for ActRII. To test if the higher
affinity of the BMP-3 mutants correlates to higher signaling

displaying a 20-fold higher affinity to BMPRIa-ECD than
BMP-7 but 20-fold lower than BMP-2 (Table 2). This result
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was unexpected because BMP-6 shares numerous receptor 6.
binding and signaling characteristics with BMP23(62).
The inability to obtain active BMP-7 in large yields has
limited its structural and functional studies, but now with
the structure of BMP-6 and the ability to alter its receptor
binding properties, a better understanding of the determinants
of low-affinity type | binding is attainable. Comparison of
the BMP-6 structure to the structures of BMP-7 and BMP-2
should be instrumental in identifying the residues responsible
for these differences in affinity. Experiments with BMP-6,
as well as focusing on a binary structure with type | receptors,
will yield greater understanding of overall receptor binding.
The ultimate transmembrane signaling mechanism ex-
ecuted by TGH3 ligand is complex. However, our data

7.

8.

9.

demonstrates that one or a few specific amino acid residues 10.

of BMP-3 can govern receptor interactions. This provides
us with the basis to stipulate that specific amino acid residue
differences at the ligandreceptor binding interfaces are the
pivotal components in regulating receptor affinity and
defining a ligand’s signaling activity. BMP ligands, in
particular, are multifunctional signaling molecules that act
in a variety of biological processes. Our report highlights
the possibility that ligands and secreted antagonists can be
engineered for the purpose of targeting receptors that are

not reachable by natural ligands. Such engineered molecules 13,

will be instrumental to develop future controlled applications
such as for stem cell maintenance and modulation of stem
cell differentiation pathways.
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