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Bone morphogenetic proteins 4 and 7 (BMP4 and BMP7) are
morphogens that signal as either homodimers or heterodimers to
regulate embryonic development and adult homeostasis. BMP4/7
heterodimers exhibit markedly higher signaling activity than either
homodimer, but the mechanism underlying the enhanced activity is
unknown. BMPs are synthesized as inactive precursors that dimerize
and are then cleaved to generate both the bioactive ligand and
prodomain fragments, which lack signaling activity. Our study
reveals a previously unknown requirement for the BMP4 prodomain
in promoting heterodimer activity. We show that BMP4 and BMP7
precursor proteins preferentially or exclusively form heterodimers
when coexpressed in vivo. In addition, we show that the BMP4
prodomain is both necessary and sufficient for generation of stable
heterodimeric ligands with enhanced activity and can enable
homodimers to signal in a context in which they normally lack
activity. Our results suggest that intrinsic properties of the BMP4
prodomain contribute to the relative bioactivities of homodimers
versus heterodimers in vivo. These findings have clinical implications
for the use of BMPs as regenerative agents for the treatment of
bone injury and disease.

prodomain | heterodimer | bone morphogenetic protein | BMP4 | BMP7

one morphogenetic proteins (BMPs) are members of the

TGFp superfamily that were originally isolated as bone-
inducing morphogens and were subsequently found to play
central roles during embryogenesis and in adult homeostasis (1).
BMPs are clinically important therapeutic agents that are used to
reverse bone loss caused by trauma, disease, and tumor resection
(2). Their use as regenerative agents is limited, however, by their
short half-life and low specific activity when implanted in vivo.
Understanding how BMP activity is regulated is important for
the development of more effective therapeutic agents for the
treatment of bone injury and disease.

BMPs bind to and activate a receptor complex consisting of
type I and type II transmembrane serine/threonine kinases. Fol-
lowing ligand binding, activated receptors propagate their signal
by phosphorylating one of the SMADs that is specific for the
BMP pathway (SMADI, -5, or -8). The phosphorylated Smads
then form heterooligomers with the common Smad, Smad4,
and this complex translocates into the nucleus where it binds to
BMP response elements and activates transcription of target
genes (1).

BMPs are classified into subfamilies based on sequence ho-
mology. They signal as either homodimers, or as heterodimers
from different subfamilies. For example, class I BMPs, which
consist of BMP2 and BMP4, can heterodimerize with class II
BMPs, consisting of BMP5-8 (3). Heterodimers composed of
distinct BMP family members show a higher specific activity than
do homodimers of either subunit. Homodimers of BMP2, -4, or
-7, for example, can all induce bone formation, but heterodimers

WWww.pnas.org/cgi/doi/10.1073/pnas. 1501449112

of BMP2 plus BMP7, or BMP4 plus BMP7 are significantly more
potent (5- to 20-fold) than any of the homodimers in osteogenic
differentiation assays (4-6). BMP2/7 and BMP4/7 heterodimers
also show enhanced activity in Xenopus and zebrafish embryo
assays (7, 8). Coinjection of RNA encoding BMP2 or BMP4
together with BMP7 into a single embryonic blastomere leads
to robust induction of BMP target genes and ventralization of
whole embryos, whereas injection of twice the dose of RNA
encoding any single BMP, or injection of the two RNAs into
separate blastomeres, has a much smaller effect on gene in-
duction or patterning (7, 8). The observation that the two pre-
cursors must be coexpressed within the same cell to see synergy
suggests that the formation of heterodimers is required to induce
this effect (as opposed to synergistic activation of receptors by
expressing homodimers in adjacent cells). Consistent with this
interpretation, physiological concentrations of purified recombi-
nant BMP4/7 or BMP2/7 heterodimers can activate BMP signaling
in Xenopus and zebrafish, whereas much higher concentrations
of either homodimer, applied individually or together, have no
effect (7, 9, 10).

Significance

Bone morphogenetic proteins (BMPs) are made as inactive pre-
cursor proteins that dimerize and are cleaved to generate a
bioactive ligand along with prodomain fragments that lack sig-
naling activity. BMP ligands signal as either homodimers, or as
heterodimers that display significantly higher activity in vivo.
Recombinant homodimeric BMP ligands are used clinically to
stimulate bone healing, but this requires supraphysiological
doses due to the short half-life of the implanted protein. The
current studies demonstrate that properties intrinsic to the
BMP4 prodomain contribute to the formation and activity of
BMP homodimers and heterodimers in vivo. Understanding how
the prodomain regulates the activity of the ligand when it is
made in vivo may lead to changes in the way BMP ligands are
used clinically.
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Biochemical and genetic evidence suggests that endogenous
BMP heterodimers play physiologically relevant roles in vivo.
In zebrafish, an ectopically expressed epitope-tagged form of
BMP2b pulls down what appears to be endogenous BMP7 and
vice versa (10). In addition, mutations in either BMP2b or BMP7
lead to a complete loss of signaling in early zebrafish embryos (8)
and this can be rescued by recombinant heterodimers, but not by
either homodimer (10). Drosophila decapentaplegic (DPP) and
SCREW (BMP4 and BMP7 orthologs) are both required for
proper spatial localization of DPP and this is proposed to be due
to preferential transport of DPP/SCREW heterodimers within
the embryo (11). Furthermore, mice carrying a point mutation
that prevents proteolytic activation of BMPS5, or humans
carrying a point mutation that prevents secretion of the BMP
family member growth and differentiation factor 5 (GDFS),
display skeletal abnormalities that are more severe than those
observed in the respective null mutants, most likely due to
dominant negative effects on related BMPs that form hetero-
dimers with endogenous BMP5 or GDF5 (12, 13).

The mechanism by which BMP heterodimers generate higher
levels of signal than homodimers is unknown, but one possibility
is that heterodimers form a more stable receptor ligand complex.
Consistent with this mechanism, BMP2/6 heterodimers bind to
both type I and type II BMP receptors with high affinity, whereas
homodimers of either subunit show high-affinity binding to ei-
ther the type I or the type II receptor, but not both (14). Fur-
thermore, BMP2/7 heterodimers induce the formation of a
high-affinity receptor complex containing two different type I
receptors, together with a single type II receptor in zebrafish (10).

BMPs are generated as inactive precursor proteins (proBMPs)
that dimerize and are then cleaved by proprotein convertases to
yield prodomain fragments along with the mature active ligand
(1). The question of how proprotein maturation occurs in hetero-
dimers, as opposed to homodimers, has not been explored. This
is a relevant question because class I and class II BMPs undergo

different processes of proteolytic maturation. Whereas BMP2
and BMP4 precursor proteins have two highly conserved furin
consensus cleavage motifs, BMP7 and other class II precursors
have only a single conserved cleavage motif (7, 15-17). Among
these family members, proteolytic maturation of BMP4 and
BMP7 has been studied in detail (illustrated in Fig. 14). BMP7 is
cleaved at a single conserved furin site to generate a noncovalently
associated prodomain/ligand complex (18, 19). By contrast, BMP4
is sequentially cleaved at two sites: initially at a site adjacent to
the ligand domain (the S1 site) and subsequently at an upstream
site (the S2 site) within the prodomain (Fig. 14) (15). The BMP4
ligand forms a transient, noncovalent complex with the prodo-
main following cleavage at the S1 site, but subsequent cleavage
at the S2 site disrupts the complex, freeing the ligand from the
prodomain (20).

The prodomain fragment that is released during proteolytic
maturation lacks any known signaling activity but aids in di-
merization, folding, and secretion of the active ligand (21). More-
over, prodomain swap experiments have shown that individual
BMP prodomains can greatly influence the stability of cleaved
mature ligands (22, 23). The prodomains of BMP7 and BMP4 play
distinct roles in modulating the activity of their respective mature
homodimers. The BMP7 prodomain fragment assists in solubiliz-
ing BMP7 homodimers by shielding hydrophobic residues pre-
sent in the mature domain (18), and the prodomain of DPP
has been suggested to play a similar role (24). The BMP7
prodomain also competes with type II receptors for binding to
the BMP7 ligand, but does not confer latency because it can
be easily displaced from the ligand by receptor binding (25).
The BMP4 prodomain dissociates from the ligand in most
tissues following cleavage at both the S1 and the S2 sites (17,
20, 26), but if only the S1 site is cleaved, the prodomain re-
mains associated with the ligand and targets it to the lysosome
for degradation (20). When only the S2 site of BMP4 is cleaved,
this generates an amino-terminally extended ligand containing
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Fig. 1. The S1 and S2 site of BMP4 is cleaved in BMP4/7 heterodimers. (A) Schematic illustration of cleavage patterns of BMP4 and BMP7 homodimers and
position of epitope tags. (B and C) Two-cell embryos were injected with RNA encoding BMP4 (500 pg), BMP432€ (1,000 pg), BMP7 (500 pg), or BMP4 and BMP7
(250 _pg_each). Blastocele fluid was extracted from the same number of embryos in each experimental group at the gastrula stage and proteins were
deglycosylated and resolved by SDS PAGE. Immunoblots were probed with antibodies specific for myc (B), Flag, or HA epitopes (C) as indicated below each
gel. Bands corresponding to ligand dimers, or to ligand or prodomain monomers, are indicated to the right of each gel.
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a small piece of the prodomain. This ligand species has not been
detected in vivo, but when ectopically expressed in Xenopus em-
bryos from a mutant precursor, the N-terminally extended ligand
shows very little activity (27) or dominant negative activity (28).

In the current study we examine proteolytic maturation of
BMP4/7 heterodimers and address the question of whether the
higher specific activity of heterodimers is intrinsic to the ligands
or whether one or both prodomains is required to reveal this
enhanced activity. We find that BMP4/7 heterodimers are
secreted as a complex consisting of the heterodimeric ligand
noncovalently associated with the S1 and S2 cleaved BMP4
prodomain as well as the BMP7 prodomain. In addition, our
results demonstrate that the BMP4 prodomain is both nec-
essary and sufficient for the enhanced activity of heterodimers
in vivo, and can enable homodimers to signal in a context in
which they normally lack activity.

Results

Both Sites of BMP4 Are Cleaved in BMP4/7 Heterodimers in Xenopus
Embryos. To determine if one or both sites of BMP4 are cleaved
in BMP4/7 heterodimers, we examined cleavage products gen-
erated from heterodimeric precursor proteins expressed in
Xenopus embryos. Embryos were injected with RNA encoding
BMP4HAmyc, BMP7Flagmyc, or both RNAs at the two-cell stage.
We have previously shown that these epitope-tagged BMPs have
the same activity as untagged BMPs when overexpressed (20,
27). A cleavage mutant form of BMP4 (BMP432F), which can
only be cleaved at the S1 site (15), was included as a size control
for the relative mobility of S1 only cleaved prodomain. At the
early gastrula stage, fluid was aspirated from the blastocele of
embryos to collect prodomain and ligand fragments that are se-
creted into this space (29). Proteins were deglycosylated, sepa-
rated by SDS/PAGE under reducing or nonreducing conditions,
and cleavage products were detected by immunoblot analysis
(assay illustrated in Fig. 1B).

First, to determine the extent of heterodimer formation in embryos
coexpressing BMP4 and BMP7, proteins were separated under
nonreducing conditions and immunoblots were probed with anti-
bodies specific for the myc tag in the ligand domain (Fig. 1B, Upper).
A single band corresponding to mature BMP4 homodimers was
detected in embryos expressing either BMP4 or BMP4%%C, and a
more slowly migrating band corresponding to mature BMP7 homo-
dimers was detected in embryos expressing BMP7 alone. In embryos
coexpressing BMP4 and BMP7 precursor proteins, a single mature
BMP4/7 heterodimer band of intermediate mobility was detected
along with a trace amount of BMP4 homodimer. Thus, BMP4 and
BMP7 preferentially form heterodimers when equivalent levels
of each precursor are coexpressed in vivo. Next, to determine
whether the S1 site of BMP4 is cleaved in heterodimers, proteins
were separated under reducing conditions and immunoblots were
probed with antibodies specific for the myc tag in the ligand
domain (Fig. 1B, Lower). BMP4 monomers cleaved from het-
erodimeric and homodimeric precursor proteins migrate with an
identical relative mobility under reducing conditions, indicating
that the S1 site is cleaved in heterodimers as it is in homodimers.

To examine whether the S2 site of BMP4 is cleaved in the
context of heterodimers, immunoblots were probed with antibodies
specific for the HA tag in the prodomain of BMP4. The BMP4
prodomain fragment cleaved from BMP4/7 heterodimers (in em-
bryos coexpressing BMP4 and BMP7) migrated with the same rela-
tive mobility as that cleaved from native proBMP4, and more rapidly
than that cleaved from proBMP4>°C (Fig. 1C, Right), indicating that
the S2 site of BMP4 is cleaved in the context of heterodimers. Col-
lectively, these data demonstrate that BMP4 and BMP7 preferen-
tially form heterodimers rather than either homodimer when they are
coexpressed in Xenopus embryos, and that BMP4 is cleaved at both
the S1 and the S2 site in heterodimers as it is in homodimers.

Neugebauer et al.

Cleavage of both BMP4 Sites Is Not Necessary for Heterodimer
Activity. Given that proBMP4 homodimers must be cleaved at
both the S1 and S2 sites to generate maximally active and stable
BMP4 ligands (20, 27) (summarized in Fig. 24), we investigated
whether proBMP4, when complexed with proBMP7, also re-
quires double cleavage for enhanced BMP4/7 heterodimer ac-
tivity. To carry out this investigation, we injected RNAs encoding
different combinations of BMP4 and BMP7 near the dorsal
marginal zone (DMZ) of Xenopus embryos at the four-cell stage
to target the presumptive dorsal mesoderm. When embryos
reached the early gastrula stage, the DMZ was explanted and
BMP activity was assayed by probing immunoblots of DMZ
extracts for pPSMAD1/5/8 (hereafter shortened to pSMADI,;
assay illustrated in Fig. 2B). In each experiment, sibling embryos
were cultured to the tailbud stage and scored for BMP-mediated
loss of dorsal structures (Fig. S1), to verify that the relative loss of
dorsal structures correlated with the relative level of pPSMAD1
induced in response to each injected RNA in individual experi-
ments. We expressed these exogenous BMPs in the DMZ because
it has negligible endogenous BMP signaling (Fig. 2B, Lower
Left, last lane), providing a blank slate to start from. Con-
versely, the ventral marginal zone (VMZ) has high endogenous
BMP activity (Fig. 2B, Lower Left, first lane) and was used as
a positive control.

As a control, and to validate our assay, we first asked whether
wild-type BMP4/7 heterodimers induce higher levels of pSMAD1
in DMZ explants than do homodimers. Injection of RNA
encoding BMP4 or BMP7 induced pSMAD1 in DMZ explants
(Fig. 2B, Lower Right). To assess heterodimer function, we coin-
jected a half dose of BMP4 and a half dose of BMP7 into embryos,
such that the total amount of RNA was equal to the single in-
jections. The relative level of pPSMAD1 induced by either BMP4
or BMP7 alone, normalized to actin and reported as a fraction of
that induced by the two coinjected RNAs, is indicated below each
lane. If BMP4 and BMP7 have an additive effect when coinjected,
then the sum of the relative pPSMADI1 levels induced by injection
of each RNA alone, divided by two (to normalize for the half dose
of each RNA injected alone) would be equal to the pSMAD] level
induced by coinjection of the two RNAs. As shown in Fig. 2B, last
three lanes), coinjection of BMP4 and BMP7 induced a relatively
higher level of pPSMAD1 (1.0) than half the sum of that induced by
each RNA alone [(0.7 + 0.6) = 2 = 0.65]. The higher relative levels
of pSMADI1 induced by heterodimers correlated with a signifi-
cantly stronger inhibition of dorsal development, as indicated by a
lower dorsoanterior index score (Fig. S1C).

BMP45%C (Fig. 2B, Lower Left) or BMP45'C (Fig. 2B, Lower
Middle) alone induced lower levels of pSMAD1 than did wild-
type BMP4, consistent with our previous studies showing that
cleavage at both sites is required for maximal activity (27, 30).
However, in three out of three experiments, coinjection of RNA
encoding either BMP4 cleavage mutant together with BMP7 led
to significantly enhanced activity as indicated by higher levels
of pSMADI induction (Fig. 2 B, Lower Left and Lower Middle, C,
and D), and more severe loss of dorsal structures (Fig. S1.4 and B)
relative to that observed when twice as much of each individual
RNA was injected. Furthermore, each of the cleavage mutant
forms of BMP4 preferentially formed heterodimers when coex-
pressed with BMP7 (Fig. 1C and Fig. S1D). These results indicate
that cleavage of BMP4 at the S1 or the S2 site alone is sufficient
for enhanced BMP4/7 heterodimer activity.

To further evaluate whether cleavage of BMP4 at both sites is
required for full heterodimer activity, we used a second assay in
which we tested whether heterodimers generated from wild type
or cleavage mutant forms of BMP4 can induce ectopic Xbra
expression in the animal pole of gastrula stage Xenopus embryos
(assay illustrated in Fig. 2E). Xbra is normally expressed only in
the mesoderm but ectopic expression can be induced in ecto-
dermal cells by recombinant mature BMP heterodimers (7, 9).
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BMP RNA was coinjected into a single animal pole blastomere
of 8- to 16-cell embryos along with p-galactosidase RNA (as a
lineage tracer). Embryos were cultured until stage 11 when they
were fixed and stained for p-galactosidase activity (red stain)
followed by analysis of Xbra expression by in situ hybridization
(purple stain). BMP precursor proteins are restricted to p-galacto-
sidase—expressing cells, whereas the cleaved mature ligand can
potentially signal to more distal cells to activate expression of
Xbra. The extent of BMP-induced ectopic Xbra was scored in
individual embryos as 0+ (no ectopic induction), 1+ (induc-
tion confined to precursor-expressing cells), 2+ (induction ex-
tending slightly beyond the precursor-expressing cells), or 3+
(complete induction throughout the animal cap) as illustrated
in Fig. 2E.

A Activity: homodimer  heterodimer B
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BMP7 homodimers derived from injected RNA did not induce
Xbra expression when they were targeted to ectodermal cells
(Fig. 2E and Fig. S24). By contrast, BMP4 homodimers derived
from injected RNA induced a moderate level of Xbra expression
in most embryos (mostly 2+) (Fig. 2E and Fig. S2C). Hetero-
dimers derived from coinjection of a half dose of BMP4 and
BMP7 RNA led to a significantly stronger synergistic induction
of Xbra (2+ to 3+) (Fig. 2E). Homodimers generated by in-
jection of RNA encoding either BMP4 cleavage mutant pre-
cursor induced relatively low levels of Xbra expression (mostly
0+ to 1+) (Fig. 2E). Importantly, significantly stronger and more
widespread induction of Xbra was observed in embryos coinjected
with half the dose of RNA encoding either of the cleavage mu-
tant forms of BMP4 together with BMP7 (2+ to 3+; Fig. 2E).
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Fig. 2. Sequential cleavage of proBMP4 is required for maximal activity of homodimeric but not heterodimeric ligands. (A) Schematic illustration of cleavage

patterns and relative bioactivity of ligands generated from wild-type and cleavage mutant BMP precursor proteins. (B) RNA encoding BMP7 or wild type or
cleavage mutant forms of BMP4 were injected alone (200 pg) or in combination (100 pg of each RNA) near the dorsal midline of four-cell embryos. DMZ and
VMZ explants were isolated at stage 10 and pSMAD1 levels were analyzed by immunoblot. Blots were reprobed with actin as a loading control, with the
exception of the right panel, in which case duplicate samples were rerun and probed with actin. Blots shown in each of the three panels were run on different
days, using samples from independent experiments, and exposed for different time periods. Thus, results can only be compared within each panel. For each
panel, the relative level of pPSMAD1 induced by injection of BMP4 or BMP7 alone, normalized to actin, and reported as a fraction of that induced by the two
coinjected RNAs is indicated below each lane. (C and D) Quantitation of relative pSMAD1 levels in three independent experiments (mean + SD). Normalized
pSMAD1 levels in embryos injected with BMP7 or BMP4S2G alone (C), or with BMP7 or BMP4S1G alone (D) were added together, divided by two, and
reported as a fraction of pPSMAD1 levels induced by the two coinjected RNAs. (E) BMP RNAs were injected along with p-galactosidase RNA into one animal
pole blastomere of 8- to 16-cell embryos. Embryos were stained for f-galactosidase activity (red) at stage 11 and then assayed for expression of Xbra by in situ
hybridization (purple) as illustrated. The spread of Xbra signal outside of cells that express the precursor proteins (marked by red) was scored as 0+ to 3+ as
illustrated. A total of 30-50 embryos were injected with each RNA per experiment and results are pooled from a minimum of three experiments.
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These results show that cleavage at either site of BMP4 is suf-
ficient for enhanced heterodimer activity and signaling range.

The Prodomain of BMP7 Is Not Sufficient for Enhanced Activity of
BMP4/7 Heterodimeric Ligands. We next wanted to investigate
whether the enhanced bioactivity of BMP4/7 heterodimers rel-
ative to homodimers is intrinsic to the heterodimeric ligand or
whether BMP4 and/or BMP7 prodomains contribute to hetero-
dimer activity. First, to ask whether the BMP7 prodomain is
sufficient for heterodimer activity, we injected Xenopus embryos
with RNA encoding a previously characterized chimeric protein
consisting of the BMP7 prodomain fused to the BMP4 mature
domain (BMP7-4) (27) (Fig. 34), either alone or together with
BMP7, and assayed pSMADI1 levels in explanted DMZs, in-
hibition of dorsal development, and Xbra induction in whole
embryos as described above. Coinjection of RNA encoding
BMP7-4 together with BMP7 is predicted to generate dimeric
precursors containing two copies of the BMP7 prodomain, but
upon cleavage, they will generate the same heterodimeric ligand
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(BMP4/7) that would be derived from coinjection of RNA
encoding native BMP4 and BMP7 precursors (illustrated in
Fig. 34). The levels of pPSMAD1 and Xbra induction in embryos
expressing BMP7-4 were significantly less than those in embryos
expressing wild-type BMP4 (Fig. 3 B, C, and E), and this was also
reflected in the limited ability of BMP7—4 to inhibit dorsal de-
velopment (Fig. S34). These findings are consistent with our
previous studies showing that the BMP7 prodomain cannot fully
substitute for the BMP4 prodomain (27). Furthermore, we did not
see enhanced BMP activity in embryos coexpressing BMP7—4 to-
gether with BMP7 relative to the sum of activity in embryos
injected with a half dose of either RNA alone (Fig. 3 B, D, and E).
Thus, the BMP7 prodomain is not sufficient for full BMP4
homodimer, or BMP4/7 heterodimer activity.

To ask whether the relatively low activity in embryos ex-
pressing BMP7—4 alone or together with BMP7 is due to the
inability of the BMP7 prodomain to drive BMP4 homodimer
and/or BMP4/7 heterodimer formation, we used immunoblot
analysis to examine BMP ligands secreted into the blastocele of
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Fig. 3. The prodomain of BMP7 is not sufficient for maximal heterodimer activity. (A) Schematic illustration of ligands generated from native and chimeric
BMP precursor proteins. (B) BMP RNAs were injected individually (200 pg) or together (100 pg of each RNA) near the dorsal midline of four-cell embryos. DMZ
and VMZ explants were isolated at stage 10 and pSMAD1 levels were analyzed by immunoblot. Duplicate samples were rerun and blots were probed with
actin as a loading control. All lanes are from the same pSmad1 immunoblot, aligned following removal of intervening lanes (following the 2nd and 4th lanes)
using Photoshop. The first four lanes of the actin immunoblot are from the same gel, with the order rearranged to match the upper samples using Photoshop.
Noncontiguous lanes are marked by white bars. The last two lanes were reprobed from samples shown in Fig. 4B. The relative level of pSMAD1 induced by
injection of BMP7-4 or BMP7 alone, normalized to actin and reported as a fraction of that induced by the two co-injected RNAs, is indicated below each lane.
(C) Quantitation of relative pSMAD1 levels induced by BMP4 or BMP7-4 in three independent experiments (mean + SD). (D) Normalized pSMAD1 levels in
embryos injected with BMP7 or BMP7-4 alone were added together, divided by two, and reported as a fraction of pSMAD1 levels induced by the two
coinjected RNAs. Data from three independent experiments (mean + SD). (E) BMP RNAs were injected along with p-galactosidase RNA into one animal pole
blastomere of 8- to 16-cell embryos. Embryos were stained for p-galactosidase activity at stage 11 and then assayed for expression of Xbra by in situ hy-
bridization. The spread of Xbra signal outside of cells that express the precursor proteins was scored as 0+ to 3+ as illustrated. A total of 30-50 embryos were
injected with each RNA per experiment and results are pooled from a minimum of three experiments. (F) Protein present in blastocele fluid from the same
number of embryos in each group was deglycosylated, resolved by SDS/PAGE under reducing or nonreducing conditions as indicated, and immunoblots were
probed with antibodies specific for the myc epitope in the ligand domain. Bands corresponding to each ligand dimer or monomer are indicated to the right of
each gel. Asterisks indicate two bands that may correspond to partially misfolded heterodimers.
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injected embryos. This assay is semiquantitative, due to the
inherent variability in the amount of blastocele fluid aspirated
from individual embryos, but it allows us to look for gross
differences in the level of each monomeric ligand (under reducing
conditions) and to compare the relative ratio of heterodimers and
homodimers in a given experimental group (under nonreducing
conditions). Grossly similar levels of mature BMP4 monomers
(Fig. 3F, reducing) and homodimers (nonreducing) were detected
in embryos expressing either BMP4 or BMP7—4 (compare lanes 1
and 4) in four independent experiments, demonstrating that the
BMP7 prodomain does not impair dimerization or cleavage of the
chimeric precursor nor does it destabilize the cleaved ligand.
BMP4/7 heterodimers formed in embryos coexpressing BMP7
together with BMP4 (Fig. 3F, nonreducing, lane 3; note that in this
experiment, BMP7 is present in excess, most likely due to an RNA
pipetting error and thus BMP7 homodimers are overrepresented),
whereas in embryos coexpressing equal amounts of BMP7 to-
gether with BMP7—4, only a small amount of BMP4/7 heterodimer
and BMP4 homodimer was detected, whereas BMP7 homodimers
were the dominant species detected in four independent experi-
ments (lane 5). Two bands that migrate with a mobility in-
termediate to BMP4/7 heterodimers and BMP7 homodimers
were also reproducibly detected in embryos coexpressing
BMP?7 together with BMP7-4 (Fig. 3F, asterisks). These bands

may represent partially misfolded heterodimers, because they
are detected only when the two proteins are coexpressed, and
only under nonreducing, but not under reducing conditions.
Collectively, these results show that the BMP7 prodomain is
sufficient to direct formation of stable BMP4 homodimers,
but these ligands are less active than those generated from
native precursors. By contrast, the BMP7 prodomain is not
sufficient to enable stable BMP4/7 heterodimers to form, but
instead favors BMP7 homodimer formation.

The BMP4 Prodomain Is Necessary and Sufficient to Generate
Heterodimeric BMP4/7 Ligands with Enhanced Activity and to Generate
BMP7 Homodimers with a Novel Activity. To ask whether the BMP4
prodomain is essential for heterodimer activity, Xenopus em-
bryos were injected with RNA encoding a previously character-
ized chimeric protein consisting of the BMP4 prodomain fused
to the BMP7 mature domain (BMP4-7) (27) (Fig. 44) either
alone or together with RNA encoding BMP4. Coinjection of
RNA encoding BMP4-7 together with BMP4 is predicted to
generate dimeric precursors containing two copies of the BMP4
prodomain, but upon cleavage, they will generate the same hetero-
dimeric ligand (BMP4/7) that would be derived from coinjection of
RNA encoding native BMP4 and BMP7 precursors (illustrated in
Fig. 44). Levels of pSMAD1 in DMZ explants expressing BMP4-7
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Fig. 4. The prodomain of BMP4 is necessary and sufficient to generate stable heterodimers with enhanced activity. (4) Schematic illustration of ligands
generated from native and chimeric BMP precursor proteins. (B) BMP RNAs were injected individually (200 pg) or together (100 pg of each RNA) near the
dorsal midline of four-cell embryos. DMZ and VMZ explants were isolated at stage 10 and pSMAD1 levels were analyzed by immunoblot. Actin levels were
analyzed in duplicate samples as a loading control. The relative level of pPSMAD1 induced by injection of BMP4-7 or BMP4 alone, normalized to actin and
reported as a fraction of that induced by the two co-injected RNAs, is indicated below each lane. All lanes are from the same pSmad1 immunoblot, aligned
following removal of an intervening lane (following the 2nd lane, marked by white bar) using Photoshop. The pSmad1 data shown in Figs. 2B (Lower Right),
3B, and 4B is all from a single injection experiment, run on the same gel and thus the BMP4 and BMP7 control lanes are the same in all three blots. Actin
loading controls for these lanes are from duplicate samples that were rerun on different gels. (C) Normalized pSMAD1 levels in embryos injected with BMP4-7
or BMP4 alone were added together, divided by two, and reported as a fraction of pPSMAD1 levels induced by the two coinjected RNAs. Data are from three
independent experiments (mean + SD). (D) BMP RNAs were injected along with f-galactosidase RNA into one animal pole blastomere of 8- to 16-cell embryos.
Embryos were stained for p-galactosidase activity at stage 11 and then assayed for expression of Xbra by in situ hybridization. The spread of Xbra signal
outside of cells that express the precursor proteins was scored as 0+ to 3+ as illustrated. A total of 30-50 embryos were injected with each RNA per experiment
and results are pooled from a minimum of three experiments. (E) Protein present in blastocele fluid from the same number of embryos in each group was
deglycosylated, resolved by SDS/PAGE under reducing or nonreducing conditions as indicated, and immunoblots were probed with antibodies specific for the
myc epitope in the ligand domain. Bands corresponding to each ligand dimer or monomer are indicated to the right of each gel. The arrow marks a non-
specific band due to cross-reaction of the myc antibody with PNGase.
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alone were less than those in embryos made to express BMP7 alone
in two experiments (Fig. 4B) and were relatively equivalent in a
third replicate. In all three experiments, however, coexpression
of BMP4-7 together with BMP4 led to a synergistic induction of
PSMAD1 in DMZ explants (Fig. 4 B and C) and inhibited dorsal
development to a greater degree (Fig. S3B) than was observed in
embryos injected with twice as much RNA encoding either pre-
cursor protein alone.

Unexpectedly, injection of RNA encoding BMP4-7 alone led
to robust induction of Xbra expression in ectodermal cells
(Fig. 4D). This was a surprising finding, given that recombinant
BMP7 homodimers (7, 9) or homodimers generated by injection
of BMP7 RNA into embryos (Fig. 4D and Fig. S24) are unable to
induce Xbra expression in ectodermal cells. Thus, whereas BMP7
is not normally capable of activating a signal transduction cascade
leading to Xbra expression in ectodermal cells, the presence of the
BMP4 prodomain enables this ligand to do so. Furthermore,
coexpression of BMP4-7 together with BMP4 led to a synergistic
induction of Xbra in ectodermal cells that was greater than that
observed in embryos injected with twice as much RNA encoding
either precursor protein alone (Fig. 4D). These data demonstrate
that the BMP4 prodomain is sufficient for maximal BMP4/7 het-
erodimer activity in both mesodermal and ectodermal cells and
can enable BMP7 homodimers to acquire a new signaling activity
in ectodermal cells.

Relatively equivalent levels of mature BMP7 monomers
(Fig. 4E, reducing) and homodimers (nonreducing) were detected
in embryos expressing BMP7 and BMP4-7 (compare lanes 2 and
4; note that on the reducing gel the BMP7 monomer signal is
partially masked in lane 2 and the left half of lane 3 due to an air
bubble). Thus, the ability of mature BMP7 to signal in ectoderm
when expressed in the context of the BMP4 prodomain is not
due to enhanced dimerization or stability of the ligand. BMP4/7
heterodimers were the predominant species detected in embryos
coexpressing BMP7 or BMP4-7 together with BMP4 (Fig. 4E,
lanes 3 and 5), indicating that the BMP4 prodomain is sufficient to
preferentially drive formation of stable heterodimers.

As a control to demonstrate that both of the chimeric pre-
cursors are able to support ligand activity, we injected RNA
encoding BMP7-4 or BMP4-7 either alone or together into ec-
todermal or dorsal mesodermal cells of Xenopus embryos. Coin-
jection of these two RNAs will generate dimeric precursors
carrying both the BMP7 and the BMP4 prodomain and ma-
ture domain, in trans, and are thus predicted to generate the
same heterodimeric ligand (BMP4/7) that would be derived
from coinjection of RNA encoding native BMP4 and BMP7
precursors (Fig. S44). Coinjection of RNA encoding the two
chimeric precursors (100 pg each) led to a synergistic induction of
Xbra when targeted to ectodermal cells and to enhanced loss of
dorsal structures when targeted to mesodermal cells that was
greater than that observed in embryos injected with 200 pg of
RNA encoding either precursor protein alone (Fig. S4 B and C).

BMP4 and BMP7 Prodomains Remain Associated with Mature BMP4/7
Heterodimers. Given that noncovalent association of the prodo-
main with the cleaved ligand can affect receptor binding and
ligand stability (20, 31), it was of interest to know whether one
or both prodomains remain associated with mature BMP4/7
heterodimers, and we tested this using coimmunoprecipitation
assays. HEK cells were transiently transfected with cDNAs
encoding epitope-tagged BMP4AHAmyc or BMP7Flag (illustrated
in Fig. 5B) or both. Mature ligands were immunoprecipitated
from the culture media using antibodies against the myc or
Flag tag in the mature domain of BMP4 or BMP7. The ability of
each prodomain to copurify with homodimeric or heterodimeric
ligands was assayed by probing immunoblots of immunoprecipi-
tates with antibodies specific for the HA tag in the prodomain of
BMP4, or using an antibody directed| against the prodomain of
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Fig. 5. BMP4 and BMP7 prodomains remain associated with mature BMP4/7
heterodimers. (A) HEK cells were transfected with cDNAs encoding epitope-
tagged BMP4 or BMP7 precursor proteins alone or together. Mature ligand
fragments were immunoprecipitated (IP) from the cell media using antibodies
specific for Flag or myc tags as indicated above each lane, and prodomain
fragments were detected by probing immunoblots of immunoprecipitates or
total protein (input) with antibodies specific for the BMP7 prodomain or the
HA-epitope as indicated to the right of each gel. The position of the S1 only
(arrow) or S1 and S2 cleaved BMP4 prodomain (arrowhead) is indicated. In
each panel, samples were run on the same gel. An intervening lane was re-
moved using Photoshop (between lane 8 and 9, marked by white bar) in the
upper Right panel. Results were reproduced in three independent experi-
ments. (B) Schematic illustration of the final product generated by proteolytic
maturation of BMP4/7 heterodimers.

BMP7 (a-proBMP7). Consistent with published studies, the pro-
domain of BMP7 coimmunoprecipitated with mature BMP7
homodimers (Fig. 5, lane 9) (19). Also consistent with published
studies (20), the S1 only cleaved prodomain from BMP45%¢
coimmunoprecipitated with mature BMP4 homodimers (lane 4)
whereas the S1 and S2 cleaved prodomain from wild-type BMP4
did not (lane 3), thus providing internal positive and negative
controls for these experiments. When mature BMP4/7 hetero-
dimers were immunoprecipitated from the culture media using
antibodies specific for the myc tag in BMP4, the BMP7 prodomain
copurified with the heterodimeric ligand (lane 8). Conversely,
when mature heterodimers were immunoprecipitated from
culture media using antibodies specific for the Flag-tag in
BMP?7, the S1 and S2 cleaved prodomain of BMP4 copurified
with the heterodimeric ligand (lane 5, IP, arrowhead), although
this same fragment does not copurify with mature BMP4 homo-
dimers (lane 3). Notably, a faint signal corresponding to S1-only
cleaved prodomain also copurified with mature heterodimers
(lane 5, IP, arrow), consistent with the observation that a minor
fraction of BMP4 present in heterodimers is cleaved at the S1 site
alone in HEK cells (lane 5, input, arrow) and with previous studies
showing that this fragment has high affinity for mature BMP4 (20).
Collectively, these data show that proteolytic processing of het-
erodimeric BMP4/7 precursor proteins generates a complex
consisting of the heterodimeric mature ligand noncovalently
associated with the S1 and S2 cleaved BMP4 prodomain as well as
the BMP7 prodomain (illustrated in Fig. 5B).

Discussion

Previous studies have shown that BMP heterodimers have a
higher specific activity than homodimers but it is not known
whether one or both prodomains contribute to the enhanced
activity of the heterodimeric ligand. The current studies dem-
onstrate that both prodomains remain complexed with the ma-
ture heterodimeric ligand following cleavage. Furthermore, we
discovered that the BMP4 prodomain, but not the BMP7 pro-
domain is necessary and sufficient to promote formation of
stable heterodimeric ligands that show enhanced activity in vivo.

To the best of our knowledge, our studies are the first to show
that BMP4 and BMP7 preferentially form heterodimers when
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coexpressed at equivalent levels in vivo, albeit in an overexpression
system. These findings suggest that when BMP4 and BMP7
precursor proteins are coexpressed in the same cell type in vivo,
they preferentially form heterodimers rather than either homo-
dimer. Because expression of Bmp4 and Bmp7 overlap extensively
throughout development (32), it is likely that they signal as
heterodimers in at least some contexts. However, the degree of
heterodimer formation will be dependent on the relative level of
expression of BMP class I and class II precursor proteins in a
given cell type.

BMP4 must be cleaved at both the S1 and the S2 sites to
achieve optimal signaling range and stability of homodimers (20,
27), but surprisingly cleavage of either site is sufficient for en-
hanced heterodimer activity. Our previous results showed that
failure to cleave the S2 site causes shuttling of BMP4 homo-
dimers to the lysosome and rapid protein turnover (20), whereas
failure to cleave the S1 site may cause misfolding of the ligand
domain (27). The formation of heterodimers that show enhanced
bioactivity even when BMP4 is cleaved at only the S1 or the S2
site suggests that something intrinsic to the heterodimeric com-
plex prevents misfolding or degradation of the BMP4/7 ligand.

Seen through the context of tissue-specific cleavage of the S2
site of BMP4, our results have broader implications in develop-
ment. Analysis of mice carrying a knock-in mutation that pre-
vents cleavage at the S2 site (Bmp4°29), as well as studies in
Drosophila, show that cleavage at the S2 site is essential for
normal development of some, but not all tissues (17, 26). In-
terestingly, a DPP variant that can be cleaved only at the S2 site is
fully functional in supporting wing development in dpp mutant
rescue assays (16), whereas analogous cleavage variants of BMP2/
BMP4 generate either dominant mutant (28, 33) or nonfunctional
ligands (27) when overexpressed. The ability of BMP4 variants
that can be cleaved at only the S1 or the S2 site to function in
specific tissues when expressed from the endogenous locus in vivo,
but not when overexpressed, could be explained in the context of
our data showing that these BMP4 variants are fully functional as
heterodimers. Specifically, whereas assays in which a single BMP
is overexpressed inherently test the function of homodimers,
BMP4 may normally form heterodimers when expressed from
the endogenous Bmp4 locus, and these heterodimers would
retain full activity regardless of whether one or both sites of
BMP4 were cleaved.

Our finding that the BMP4 prodomain facilitates formation of
stable heterodimers in vivo, whereas the BMP7 prodomain is
neither necessary nor sufficient to do so can explain the differ-
ence in activity we observe following coexpression of BMP4 and
BMP?7 ligand domains together with only the BMP7 or the BMP4
prodomain. Our results cannot distinguish whether the BMP4
prodomain preferentially drives formation of heterodimeric pre-
cursor proteins, or whether the prodomain is required to stabilize
the heterodimeric ligand following cleavage. When BMP7 and
BMP4 ligand domains are expressed in the context of the BMP4
prodomain alone, high steady-state levels of heterodimeric ligand
are present, whereas very little of either homodimer is observed.
By contrast, when BMP7 and BMP4 ligand domains are expressed
in the context of the BMP7 prodomain alone, very little hetero-
dimeric ligand is present, whereas high levels of BMP7 (but not
BMP4) homodimers are present. These findings support a model
in which the BMP7 prodomain preferentially drives homodime-
rization of BMP7 precursor proteins, whereas the BMP4 prodo-
main preferentially drives BMP4 and BMP7 precursor proteins to
heterodimerize. Further structural analysis will be required to test
this model. Regardless of which model is correct, it is likely that
the enhanced activity of heterodimers is intrinsic to the ligand
once proteolytic activation has occurred. Consistent with this idea,
Escherichia coli-derived recombinant mature BMP2/7 or BMP2/6
heterodimers are more active than either homodimer (10, 34),
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despite being synthesized in the absence of their respective
prodomains.

Besides promoting stable heterodimer formation, the BMP4
prodomain may play an additional role in relieving the inhibitory
activity of the BMP7 prodomain. This is possible given our re-
sults showing that both prodomains remain noncovalently asso-
ciated with the heterodimeric ligand, and given previous studies
showing that the BMP7 prodomain competes with the BMP7
ligand for binding to type II receptors (31). Analysis of the crystal
structure of mature TGFp as a latent complex with its prodomain
reveals that each growth factor monomer interacts with the op-
posite prodomain (35). By analogy, it is possible that the BMP4
prodomain envelops the BMP7 ligand and vice versa in mature
heterodimeric complexes. If the BMP4 prodomain has a higher
affinity for mature BMP7 than for mature BMP4, this would
explain why it remains complexed with mature heterodimers, but
not homodimers. Furthermore, because the relative affinities of
mature TGFp family ligands for prodomain versus receptor binding
can determine whether a prodomain/growth factor complex is
latent or active (36), this might contribute to the inability of the
BMP7 prodomain to support active homodimer or heterodimer
signaling. BMP heterodimers engage a unique receptor complex
(10, 34) and it is possible that the relative affinity of this complex
for the heterodimeric ligand is sufficient to displace two BMP4
prodomains or one of each prodomain but not two copies of the
BMP7 prodomain.

In addition to being necessary and sufficient to support het-
erodimer activity, the prodomain of BMP4 can enable BMP
homodimers to signal in a context in which they normally lack
activity. BMP4 homodimers generated by injection of synthetic
RNA that includes the BMP4 prodomain can induce expression
of Xbra and other ventral mesodermal markers in ectodermal
explants, whereas recombinant mature BMP4 homodimers cannot
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Fig. 6. Hypothetical model for the role of the prodomain in promoting
homodimer and heterodimer activity. (A) One or more ECM proteins bind to
the prodomain of BMP4 intracellularly and traffic with the precursor to the
cell surface where BMP4 is sequentially cleaved in a membrane proximal
compartment. The transient ECM protein/prodomain/mature ligand complex
that forms after S1 cleavage ensures that mature BMP4 is deposited in the
ECM coincident with S2 cleavage, thereby facilitating association of the
homodimeric ligand with HSPGs or other ECM proteins that are required for
ligand stability. (B) The BMP4 prodomain, unlike the BMP7 prodomain, is
sufficient to enable stable heterodimers to form. Following cleavage, the
BMP4 and BMP7 prodomains remain associated with the heterodimeric ligand.
The BMP4 prodomain binds to one or more ECM components, thereby an-
choring the signaling complex in the matrix and/or presenting the hetero-
dimeric ligand to HSPGs or other binding partners that facilitate signaling.
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(7, 37, 38). Notably, we show that BMP7 homodimers generated
by injection of a chimeric RNA containing the BMP4 prodomain
can also induce expression of Xbra in ectodermal cells, whereas
recombinant mature BMP7 homodimers (7, 9) or homodimers
generated from a precursor containing the BMP7 prodomain
(these studies) cannot. Collectively, these findings demonstrate
that the prodomain is not merely a chaperone that promotes
dimer formation and folding, but that it can directly modulate
the ability of mature BMPs to activate signaling cascades. The
ability of the BMP4 prodomain to modulate ligand function is
context specific because it is required for BMP7 and BMP4
homodimer activity in ectodermal cells but not in mesodermal
cells (Fig. S2).

One way that the BMP4 prodomain might modulate ligand
function in a cell-type-specific fashion is by targeting it to spe-
cific ECM binding partners. By analogy, the structurally related
ligand TGFp remains noncovalently associated with its prodo-
main following cleavage and is targeted to the ECM via covalent
interactions between the prodomain and the ECM proteins’ la-
tent TGF binding protein (LTBP) and fibrillin (39). The ligand/
prodomain/LTBP complex forms intracellularly (40) and then
binds to fibrillin following secretion. In the case of TGFp, the
mature ligand remains inactive until it is released from the ECM
by proteolysis or mechanical stress (39). The prodomain of sev-
eral BMPs, including BMP4 and BMP7, bind to the ECM pro-
tein fibrillin (31), whereas the prodomain of the BMP family
member, GDFS, binds to perlecan (41). Additional ECM com-
ponents can positively or negatively modulate BMP signaling, in
some cases via direct interactions with the ligand. For example,
members of the glypican family of heparin sulfate proteoglycans
(HSPGs) have been shown to stabilize DPP (42), to facilitate
movement of DPP in the extracellular space (43) and/or to func-
tion as BMP coreceptors (44). HSPGs can also bind to BMP7 and
either promote or inhibit signaling (45-47). Other ECM compo-
nents or ECM-bound proteins, such as fibronectin, collagen, and
members of the crossveinless family, promote BMP signaling
through diverse and context-dependent mechanisms (48-52).
The composition of the ECM varies between different tissues and
cell types and thus it is feasible that the BMP4 prodomain might
be required to facilitate interactions with obligate ECM binding
partners present on ectodermal, but not mesodermal cells.

Our recent studies support a role for the BMP4 prodomain in
targeting the cleaved homodimeric ligand to ECM binding
partners and we propose that it plays a similar role in promoting
heterodimer activity. Specifically, we have shown that mice car-
rying a knock-in mutation that causes mature BMP4 to be re-
leased prematurely from the prodomain die during embryogenesis
due to destabilization of the cleaved ligand (53). Our findings
support a model in which the transient prodomain/mature ligand
complex that forms during sequential cleavage targets mature
BMP4 to binding partners in the ECM that protect the ligand
from degradation and thus promote signaling (Fig. 64). Specifi-
cally, we have shown that BMP4 is sequentially cleaved at the
S1 and S2 sites in a post-trans-Golgi network (TGN) vesicle and
that cleavage is closely coupled to secretion (53) (Fig. 64). We
propose that one or more ECM components bind to the BMP4
prodomain intracellularly, analogous to the intracellular binding
of LTBP to the TGFp prodomain (40), and anchor the S1 cleaved
prodomain/ligand complex in the ECM. This enables mature
BMP4 to be passed off to HSPGs or other binding partners co-
incident with S2 cleavage. Our current data showing that the
prodomain of BMP4 is necessary and sufficient for maximal
BMP4/7 heterodimer activity, and that the prodomain remains
associated with the heterodimer following cleavage support a model
in which the BMP4 prodomain functions in a similar manner to
target mature BMP4/7 heterodimers to HSPGs or other binding
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partners located in the ECM (Fig. 6B). Specifically, we propose
that the BMP4 prodomain, but not the BMP7 prodomain, in-
teracts with ECM components that are required to anchor the
complex in the matrix, and/or to enable the ligand to interact
with additional binding partners. These binding partners may
stabilize the protein, facilitate interactions with the receptor
complex, or otherwise support the intrinsic activity of the mature
heterodimer. Additional studies will be required to test this
model and to identify the specific ECM proteins that interact
with each fragment of the cleaved precursor protein.

Materials and Methods

Xenopus Embryo Culture and Manipulation. Embryos were obtained, micro-
injected, and cultured as described (54). Embryonic stages are according to
Nieuwkoop and Faber (55). Embryos were stained for p-galactosidase activity
using Red-gal (Research Organics, Inc.), and processed for in situ hybridiza-
tion as described (56).

Immunoblots of Xenopus Extracts and Blastocele Fluid. Proteins were har-
vested from 10 pooled DMZ explants by freon extraction as described pre-
viously (57). Fluid was aspirated and pooled from the blastocele of 10-20
gastrula (stage 10) embryos in each RNA injection group, as described (58).
Proteins present in DMZs from two embryo equivalents, or blastocele fluid
aspirated from the same number of embryos per experimental group
(ranging from 10 to 15 in different experiments) were resolved by SDS/PAGE
under reducing or nonreducing conditions and immunoblotting was
performed as described (29). Proteins present in blastocele fluid were
denatured by boiling in the presence of 0.5% SDS with or without 1%
p-mercaptoethanol followed by deglycosylation with peptide-N-glycosidase
F (PNGase F). Proteins were resolved by 15% SDS/PAGE and transferred onto
PVDF membranes. Membranes were probed with anti-phosphoSmad1/5/8
(1:1,000, Cell Signaling), anti-actin (1:5,000, Sigma), anti-myc (71D10 Cell Sig-
naling, 1:1,000), anti-HA (3F10, 1:1,000; Roche), anti-Flag (M2, 1:1,000; Sigma)
antibodies. Immunoreactive proteins were detected using Enhanced
Chemiluminescence reagent (Pierce). Images were scanned and relative
band density was quantitated using ImageJ.

Transient Transfection, Coimmunoprecipitation and Immunoblot Analysis. HEK293
cells were transiently transfected with expression plasmids encoding
mouse BMP4 and/or BMP7 (250 ng of BMP4 or BMP7 alone or 125 ng of BMP4
plus 125 ng of BMP7) using Lipofectamine 2000 (Invitrogen) and cultured in
OptiMEM-| (Invitrogen) for 20-24 h. The total amount of DNA transfected in
each experiment was normalized to 2 pg by the addition of pCS2 + DNA. For
coimmunoprecipitation assays, cleavage products were immunoprecipitated
from 600 pL of conditioned media by overnight incubation with rabbit anti-
myc (71D10, Cell Signaling) or anti-Flag (2368, Cell Signaling) antibodies and
protein A-conjugated beads. Conjugates were washed successively with 700 pL
of 500 mM NacCl, 50 mM Tris pH 8.0, 0.1% Nonidet P-40, 1 mM EDTA, 0.25%
gelatin, 0.02% Na azide, then 700 pL of 50 mM Tris pH 8.0, 150 mM Nacl, 1%
Nonidet P-40, 0.02% Na azide, 0.1% SDS, 0.5% deoxycholic acid, and finally
with 700 pL of 10 mM Tris pH 7.5, 0.1% Nonidet P-40. Proteins were pre-
cipitated from the remaining 250 pL of conditioned medium using 10% TCA.
Immunoprecipitated and TCA precipitated (input) proteins were deglycosy-
lated with PNGase F, separated by SDS/PAGE on 12% (wt/vol) acrylamide gels,
and transferred onto PVDF membrane. Membranes were probed with anti-
bodies specific for HA (3F10, Roche) or the BMP7 prodomain (mAb2) (18) and
immunoreactive proteins were detected using Enhanced Chemiluminescence
reagent (Pierce).

Statistical Analysis. A student’s t test was used to compare differences in DAI
or pSMAD1 levels between two groups. Differences in Xbra induction were
analyzed using GraphPad software to conduct two-way ANOVA followed by a
Bonferroni multiple comparisons test. Differences with P < 0.05 were consid-
ered statistically significant.
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