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Abstract. Bone morphogenetic proteins (BMPs) are
derived from inactive precursor proteins by endopro-
teolytic cleavage. Here we show that processing of
Nodal and Myc-tagged BMP4 is significantly enhanced
by SPC1/Furin or SPC4/PACE4, providing direct evi-
dence that regulation of BMP signaling is likely to be
controlled by subtilisin-like proprotein convertase
(SPC) activities. Nodal processing is dramatically en-
hanced if two residues adjacent to the precursor cleav-
age site are substituted with amino acids found at the
equivalent positions of Activin, demonstrating that
structural constraints at the precursor cleavage site
limit the processing efficiency. However, in transfection
assays, mature Nodal is undetectable either in culture

supernatants or in cell lysates, despite efficient cleavage
of the precursor protein, suggesting that mature Nodal
is highly unstable. Domain swap experiments support
this conclusion since mature BMP4 or Dorsalin are also
destabilized when expressed in conjunction with the
Nodal pro domain. By contrast, mature Nodal is stabi-
lized by the Dorsalin pro domain, which mediates the
formation of stable complexes. Collectively, these data
show that the half-life of mature BMPs is greatly influ-
enced by the identity of their pro regions.
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cal responses depending on their local concentra-

tion. In the Drosophila blastoderm for example, dis-
tinct cell fates are specified by a dorsal-ventral gradient of
DPP activity (Ferguson and Anderson, 1992). Cells ex-
posed to high concentrations of DPP acquire dorsal-most
character (amnioserosa), whereas lower levels or the ab-
sence of DPP specify dorsal ectoderm or ventral cell types,
respectively. At later stages, cells within the wing disc in
proximity to the antero-posterior compartment boundary,
a source of DPP, express both spalt and optomotorblind.
In contrast, only optomotorblind is induced in cells situ-
ated more distantly where DPP levels are lower (Nellen et
al., 1996). Studies in Xenopus support the idea that TGF-8
family members can act in a concentration-dependent
manner. Thus, as little as 1.5-fold changes in the concen-
tration of Activin alter the dorsal-ventral character of the
mesoderm which is induced in animal cap explants (Green
et al., 1992; Symes et al., 1994). Similarly, graded activities
of Activin and other TGF-B-related growth factors may
also specify endodermal and ectodermal cell fates in Xe-

TGF—B—related growth factors elicit different biologi-
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nopus embryos (Hemmati-Brivanlou et al., 1994; Hem-
mati-Brivanlou and Melton, 1994; Schulte-Merker et al.,
1994). In chick, a gradient of bone morphogenetic protein
(BMP)! activity controls the fate of mediolateral meso-
derm cells. Thus, at low levels of BMP4, medial presomitic
mesoderm cells are specified to form the lateral aspect
of somites (Pourquie et al., 1996), whereas exposure to
higher concentrations causes the same cells to become lat-
eral plate mesoderm (Tonegawa et al., 1997).
Morphogenic gradients of BMP activities are estab-
lished at least in part by the activities of diffusible antago-
nists like Follistatin, Chordin, Noggin, Cerberus, Gremlin,
and DAN which bind and sequester TGF-B-related mole-
cules (Nakamura et al., 1990; Bouwmeester et al., 1996;
Piccolo et al., 1996; Zimmerman et al., 1996; Hsu et al.,
1998). In Drosophila, the Chordin homologue SOG dif-
fuses from ventral blastoderm cells into the adjacent dor-
sal DPP expression domain where it has been suggested to
sequester DPP, thus contributing to the formation of a
DPP gradient and permitting cells in the dorsolateral blas-
toderm to acquire an ectodermal fate (Francois et al.,
1994). Moreover, genetic screens led to the identification

1. Abbreviations used in this paper: BMP, bone morphogenetic protein;
MIS, Muellerian inhibitory substance; SPC, subtilisin-like proprotein con-
vertase.
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of Tolloid, a metalloprotease enhancing DPP activity in
the dorsal-most region of the blastoderm (Shimell et al.,
1991). While initially thought to be involved in the pro-
teolytic activation of DPP precursor molecules, Tolloid
and its Xenopus homologue Xolloid have been shown re-
cently to cleave SOG or Chordin, respectively (Marqués et
al., 1997; Piccolo et al., 1997). Accordingly, Tolloid in the
dorsal blastoderm increases DPP activity by antagonizing
SOG. Similarly in Xenopus, Xolloid opposes Chordin to
enhance the ventralizing activity of BMP4.

In addition, studies in Xenopus suggest that TGF-
B-related activities are also regulated at the level of their
proteolytic maturation. Thus, Vg-1, a critical determinant
of dorsal-ventral axis specification, potently induces axial
mesoderm in animal cap explants only if fused to a foreign
BMP pro domain that allows efficient precursor process-
ing (Thomsen and Melton, 1993). In contrast, mRNA en-
coding native Vg-1 yields little if any mature Vg-1 protein
and has no detectable activity in explant assays, consistent
with the idea that in the intact embryo localized produc-
tion of Vg-1 may ensure correct placement of the primary
body axis (Tannahill and Melton, 1989; Thomsen and Mel-
ton, 1993). These findings imply that the pro region is a
key determinant in regulating the secretion, processing ef-
ficiency, and/or turnover of mature Vg-1. Interestingly, the
activity of TGF-B is also controlled in part by its pro re-
gion, although presumably via a distinct mechanism. Thus,
unlike more distant family members, mature TGF-§ is
well known to be secreted by most cell types in noncova-
lent association with a disulfide-linked homodimer of its
pro domain masking the activity of TGF-$ and prolonging
its in vivo half-life (Gentry et al., 1988; Miyazono et al.,
1988; Wakefield et al., 1988, 1990).

Candidate proteases responsible for TGF-B processing
comprise members of the subtilisin-like proprotein con-
vertase (SPC) family (regarding the SPC nomenclature
used in this report see Steiner et al., 1992). Several of these
proteases have been shown to specifically hydrolyze peptide
bonds preceded by the sequence R-X-K/R-R or R-X-X-R
(Molloy et al., 1992; Creemers et al., 1993; Hosaka et al.,
1994), such as those found at the cleavage sites of TGF-
B-related precursors (Table I). Indeed, SPC1, also known
as Furin, enhances the processing of TGF-B1 (Dubois et
al., 1995). This observation, together with our previous
finding that SPC and BMP expression patterns partially
overlap during mouse embryogenesis, led us to propose
that BMPs may be cleaved by related proteases (Constam
et al., 1996). For example, BMP2, -4, and -7 are coex-
pressed with SPC4 in the primitive heart, in the apical ec-
todermal ridge of developing limb buds, and in the inter-
digital mesenchyme of embryonic limbs. During neural
tube patterning, high levels of SPC6 colocalize with BMP4
and BMP7 in the dorsal surface ectoderm, whereas SPC4
is coexpressed with BMP6 in the floorplate. In addition,
SPC1 and SPC7 mRNAs are widely expressed, suggesting
that the processing of individual BMPs may be controlled
by the overlapping activities of several SPCs. In support of
this, several SPCs, including SPC1, -4, -6, and -7, have
been shown recently to process recombinant BMP4 in
vitro (Cui et al., 1998). Although, in the context of a devel-
oping frog embryo, an SPC1- and SPC6-specific inhibitor
is sufficient to block the ventralizing activities of BMP4,
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Table I. Comparison of BMP Precursor Cleavage Sites with
the Corresponding Sequences Found within TGF-fs
or Activin

Position (P)* 87654321 1'2'3'4'5’
Nodal . GWGRRQRR HHLPD

Dorsalin . QHSSRSKR ST GAN .
BMP2 . PLHKREKR QAKHK .
BMP3 . STERRKKR STGVL .
BMP4 . LTRRRAKR SPKHH .
BMP5 . EVLLRSVR AANKR .
BMP6 . EVHVRTTR SASSR .
BMP7 . . . EVHFRSIR STGSK .
DPP . . . IRRRRAKR SPKHH .
TGF-B1 . LQSSRHRR ALDTN .
TGF-B2 . QTNRRKKR ALDAA .
TGF-B3 . QGGQRKKR ALDTN .
Activin A . HPHRRRRR GLECD

*The positions flanking the predicted cleavage sites (arrow) are numbered. The
cleavage sites have been confirmed by NH,-terminal sequencing of purified Activin
A, TGF-B1-3, BMP2-4, DPP, and Dorsalin (Derynck et al., 1985; Ling et al., 1986;
de Martin et al., 1987; Graycar et al., 1989; Celeste et al., 1990; Panganiban et al.,
1990; Hammonds et al., 1991; Basler et al., 1993). In the case of BMP3, multiple
forms of processed proteins have been detected (Celeste et al., 1990), which may re-
flect further processing by exopeptidases. The residues shown in bold (positions P1 to
P4) fit the consensus sequence R-X-X-R of SPC cleavage motifs.

suggesting that SPC1/6-like activities are solely responsi-
ble for BMP4 cleavage at least during the stage examined
(Cui et al., 1998).

Here we compare the abilities of SPC1, SPC4, and SPC7
to proteolytically cleave BMP precursors, including BMP4
and Nodal in cell transfection assays. We find that process-
ing of these precursors is dramatically increased by coex-
pression of either SPC1 or SPC4, whereas SPC7 is signifi-
cantly less active. Furthermore, domain swap experiments
demonstrate that individual BMP pro regions greatly in-
fluence the stability of processed, mature ligands. Overall,
these experiments suggest that the availability of biologi-
cally active BMPs may be controlled by their pro domains
and by the limited actions of proprotein convertases.

Materials and Methods

Expression Vectors

A cDNA comprising the coding region of mouse SPCI cloned into the
pSVL expression vector (Pharmacia) was provided by W. Van de Ven
(University of Leuven, Leuven, Belgium). The mouse SPC7 cDNA (Con-
stam et al., 1996) lacking untranslated regions and provided with a Kozak
consensus sequence was cloned into the same expression vector. A partial
mouse SPC4 cDNA (gift of K. Nakayama) was modified at the 5" end with
a linker to provide a start codon and the first 14 amino acids present at the
corresponding position of human SPC4 (Kiefer et al., 1991; Hosaka et al.,
1994; Johnson et al., 1994). Thus a linker reconstituted with the oligonu-
cleotides 5'-CGCCATGCCTCCGCGCGCGCCGCCTGCGCCCGGG-
CCCCGGCCGCCGCCCC-3' (sense), and 5'-GGGGCGGCGGCCGG-
GGCCCGGGCGCAGGCGGCGCGCGCGGAGGCATGG-3' (antisense)
was ligated to SPC4 cDNA treated with Smal. The resulting full-length
cDNA was subcloned into pSVL.

The pMT21 expression vector containing Myc-tagged chick Dorsalin
(Basler et al., 1993) was a gift from T. Jessell. A similar vector containing
mouse Nodal (Zhou et al., 1993) was provided by J. Collignon. A related
construct, also provided by J. Collignon, contained the Nodal cDNA mod-
ified by PCR mutagenesis to encode the sequence HHLPDRSEQKLI-
SEEDLQLCR... COOH-terminal to the precursor cleavage site, where
the underlined residues correspond to a Myc epitope. Myc-tagged BMP4
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cDNA (gift of S. Michael) encoding the sequence SPKHEQKLISEEDL-
HPQR... COOH-terminal to the cleavage site was subcloned into pMT21.
Constructs encoding for chimeric BMPs were generated using an EcoRV
site present within the Myc coding sequence. To generate a Nodal-
MycBMP4 chimeric precursor, the Nodal pro domain encompassing the
multibasic cleavage site and the NH,-terminal portion of the Myc epitope
thus was fused to the mature domain of MycBMP4 providing the COOH-
terminal portion of the Myc epitope. Conversely, a BMP4-MycNodal con-
struct was obtained by ligating an EcoRI-EcoRV c¢cDNA fragment of pro
BMP4 to the EcoRV-Xhol fragment of the MycNodal cDNA. Dorsalin-
MycNodal (gift of J. Collignon), Nodal-MycDorsalin, and Dorsalin-
MycBMP4 constructs were generated analogously.

Modified versions of the above constructs were generated to insert Flag
epitopes in the pro domains. In the case of Nodal, the cDNA was partially
digested with AfIII, and a linker composed of 5'-CATGGACTACAA-
GGACGACGATGACAAGTA-3' (sense) and 5'-CATGTACTTGT-
CATCGTCGTCCTTGTAGTC-3' (antisense) was inserted after nucle-
otide 445. The BMP4 pro domain was Flag-tagged by ligating a linker into
the Ahall site at position 487 of the mouse BMP4 ¢cDNA (GenBank ac-
cession number X56848). The linker was composed of 5'-CGCGAC-
TACAAGGACGACGATGACAAG-3' (sense) and 5'-CGCTTGTC-
ATCGTCGTCCTTGTAGTCG-3' (antisense). Overlap extension PCR
(Ho et al., 1989) was performed to insert the sequence TACAAGGAT-
GACGATGACAAACCC into the Dorsalin cDNA between nucleotides
219 and 223. The resulting construct encoded the sequence YKDDDDK
between D43 and P44 of Dorsalin, reconstituting a Flag epitope. To sub-
stitute His246 and Leu247 within Nodal, two fragments were amplified by
PCR using primers which at the corresponding positions coded for Leu
and Glu, respectively. The first fragment comprising nucleotides 1-1071 of
the Nodal cDNA was amplified using the primers 5'-AATACGACT-
CACTATAGCGC-3' and 5'-TGGCTCTAGATGTCGGCGTTGCCT-
3’, the latter providing an Xbal site. The second fragment corresponding
to the mature domain of Nodal was amplified using the primers 5'-
CATCTAGAGCCAGACAGAAGC-3' and 5'-TGTCTCGAGAGA-
GGCACCCACACTCC-3'. After verifying the sequences of both PCR
fragments, they were fused to each other via an Xbal site in a three part li-
gation with pMT21 to generate pNodal-H246L. To tag this construct with
a Flag coding sequence, the EcoRI-Narl fragment (964 bp) encoding for
the NH,-terminal portion of Nodal was replaced by the corresponding re-
gion of the FlagNodal construct described above.

The FlagNodal-H246L precursor was further modified by abolishing
the SPC cleavage site represented by the amino acid sequence R-R-Q-R-R.
A 400-bp fragment was amplified by PCR from the Nodal cDNA using
the primers 5'-CATTGACATTTTCCACCAGGCCA-3' (upper), and
5'-TGGCTCTAGATGGCCGGCTTGAGATCTGCCCCATCCGCCC-
CTCT-3’ (lower). The resulting PCR product was digested with Narl and
Xbal to isolate a 95-bp fragment which had incorporated the lower
primer, encoding therefore at its 3’ end the sequence RSQAG and an
Xbal restriction site. This PCR-derived 95-bp fragment was used to
replace the corresponding sequence in pFlagNodal-H246L, generating
the construct cmFlagNodal-H246L. Flag epitopes were also engineered
into SPC4 and SPC7 using overlap extension PCR. The sequence flank-
ing the precursor cleavage site in the resulting FlagSPC7 was RAKR'
DYKDDDDKSIH..., whereas in FlagSPC4 it was RAKR'DYKDDDDK
QAR..., the Flag epitope being underlined.

COS Transfection and Immunoblot Analysis

COS cells were transfected in 6-cm dishes as described (Gonzalez and
Joly, 1995) using DEAE dextran. After incubating transfected cells for 20 h
in DMEM containing 10% fetal bovine serum, the medium was changed
to serum-free OptiMEM (GIBCO BRL) and conditioned for 48 h. Super-
natants (50400 wl) precleared by centrifugation were precipitated by
adding five volumes of cold acetone. The precipitates were collected and
dissolved in 15 pl Laemmli buffer. Cell monolayers were lysed by adding
0.5 ml/dish of ice-cold Laemmli buffer to the culture dishes, followed by
sonication on ice for 30 s. Proteins collected from supernatants (15 pl/
lane) and whole cell lysates (10 pl/lane) were fractionated by SDS-PAGE
together with prestained low molecular weight markers (BioRad) using 12
or 7.5% separating gels. For Western blot analysis, proteins were trans-
ferred on nitrocellulose membranes (Schleicher & Schuell) in a Mini-
Transblot apparatus (BioRad), followed by incubation with anti-Myc
hybridoma supernatant 1-9E10.2 (American Type Culture Collection
CRL-1729), or with anti-Nodal antiserum. The Nodal-specific antiserum
was obtained from rabbits immunized with the peptide KRYQPHRVP-
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STC, and it was used at 1,500-fold dilution. The secondary antibodies used
were goat anti-mouse Fcy and goat anti-rabbit IgG, coupled to horserad-
ish peroxidase (Jackson ImmunoResearch). Chemiluminescence was de-
tected with an ECL kit (Amersham), with exposure times of 1-2 min (ly-
sates) or 30-45 min (supernatants). Results shown were all reproduced in
three to six independent transfection experiments. Immunoprecipitations
were carried out as described (Harlow and Lane, 1988). For preclearing,
1 ml of COS cell conditioned medium was incubated for 1 h with 1 pwg/ml
of an unrelated mouse IgG,, followed by precipitation using protein
G-Sepharose beads (GIBCO BRL). 1 pg/ml monoclonal anti-Flag M2 an-
tibody (Eastman Kodak) was added to each supernatant for 1 h at 4°C.
Immune complexes were precipitated with protein G-Sepharose beads,
washed four times with ice-cold RIPA buffer, resuspended in Laemmli
buffer containing 5% B-mercaptoethanol, and boiled for 3 min before
anti-Myc immunoblotting.

Bioassay

C3H10T1/2 osteoblast cells (ATCC CCL-226) were plated in 96-well mi-
crotiter dishes at a density of 1.2 X 10* cells per well in DMEM containing
10% heat-inactivated fetal bovine serum. After 15 h, the medium was re-
placed by DMEM containing 0.25% heat-inactivated fetal bovine serum
and 1 pM all-trans retinoic acid (Sigma Chemical Co.). Appropriately di-
luted COS cell supernatants were added in triplicates, and the plates were
cultured for 48 h. Subsequently, cells were lysed in 25 mM Tris-HCI, pH
7.5 (100 pl/well), for 1 h at 4°C, and 25 pl lysate was added to 150 pl 1.5 M
2-amino-propanol, pH 10.3, containing 1 mM MgCl, and 10 mM 4-nitro-
phenylphosphate to monitor alkaline phosphatase activity. After incuba-
tion for 45 min at 37°C, the reaction was stopped by adding 1 M sodium
hydroxide (75 pl/well), and optical density was measured at 405 nm with
an ELISA reader. Results shown correspond to mean values obtained in
one out of three identical experiments.

Results

Proteolytic Processing of BMP4 Is Enhanced by
Coexpression of SPCs

Implants of transfected COS-1 cells have been used previ-
ously as a source of biologically active BMP4, suggesting
that BMP4 is at least partially processed in COS cells
(Liem et al., 1995; Pourquie et al., 1996). In this study, we
monitored BMP4 cleavage using a Myc-tagged construct.
The Myc epitope was inserted in the COOH-terminal do-
main of BMP4, allowing detection of both mature and un-
processed forms. Thus, several bands corresponding to un-
processed MycBMP4 precursor were detected at 48-55 kD
in lysates prepared from transfected COS-1 cells (Fig. 1
A). Also in conditioned medium, small quantities of pre-
cursor protein were observed in three out of six experi-
ments. In addition, conditioned medium was found to
contain small amounts of a 23-kD product (Fig. 1 A), cor-
responding in size to mature BMP4 (Hammonds et al.,
1991). The low abundance of this 23-kD form suggests that
BMP4 processing may be inefficient. COS cells constitu-
tively express low levels of several SPCs, including SPC1,
-4, -6, and -7 (Liu et al., 1993; Nakagawa et al., 1993;
Yanagita et al., 1993; Seidah et al., 1996). To test whether
overexpression of specific SPCs results in enhanced pro-
cessing, MycBMP4 was cotransfected with individual SPC
expression vectors. As shown in Fig. 1 A, cotransfection
with SPC1 or SPC4 led to a substantial increase in the
amount of mature MycBMP4 protein in conditioned me-
dium. SPC7 was significantly less active in this assay, al-
though high levels of expression of its precursor form were
detected in Western blots (data not shown) using a Flag-
tagged SPC7 construct (see Materials and Methods), rul-
ing out the possibility that the effect of SPC1 and SPC4 is a
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Figure 1. MycBMP4 precursor cleavage in COS-1 cells cotrans-
fected with SPC1/furin, SPC4/PACE4, or SPC7. (A) Western
blot analysis showing the presence of MycBMP4 precursor
(bracket) in lysates (top) or supernatants (bottom) of cells trans-
fected with 2 g of MycBMP4 expression vector. In cell superna-
tants, mature MycBMP4 is detected at 23 kD (asterisk). Molecu-
lar masses of standard proteins are indicated to the left in
kilodaltons. (B) Induction of alkaline phosphatase activity in
C3H10T1/2 cells treated with serially diluted supernatants of
transfected COS cells. The legend to the right shows the cDNA
expression vectors used. SPC1 expression vector alone was used
as a mock control, whereas MycDorsalin served as a positive con-
trol (Basler et al., 1993).

protein overexpression artifact unrelated to the proteoly-
tic activities of these enzymes. By contrast, we have been
unable to detect any mature FlagSPC7 (data not shown),
hence it cannot be ruled out that the failure of SPC7 to
efficiently cleave BMP4 in COS cells reflects inefficient
SPC7 maturation.

Processing of Wild-Type and Mutant Forms of
Nodal Precursor

In addition to MycBMP4, we examined the processing of
Nodal, a more distantly related BMP subfamily member.
Initial attempts using various transfected cell lines includ-
ing COS cells, Hi5 insect cells, embryonic stem cells, or an
embryonic fibroblast cell line consistently failed to yield
detectable amounts of the mature form of recombinant
Nodal (data not shown). This suggests that the processing
of this BMP-related precursor may be tightly regulated.
Therefore, we explored the ability of SPCs to enhance
Nodal processing in coexpression experiments. Using a
Nodal antiserum raised against a peptide within the ma-
ture domain, the precursor form of Nodal migrating at 50 kD
was readily detected in COS cell lysates and in condi-
tioned medium (Fig. 2 A). Interestingly, coexpression of
either SPC1 or SPC4 resulted in virtually complete dis-
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appearance of Nodal precursor in conditioned medium,
whereas cotransfection with SPC7 had no effect. However,
the decrease in the level of precursor was not accompa-
nied by a corresponding increase in the amount of mature
Nodal. Similar observations were made in cotransfection
experiments using Myc-tagged Nodal precursor (data not
shown), raising the possibility that mature Nodal is highly
unstable (see below). Alternatively, Nodal processing may
be exceptionally inefficient. Comparing cleavage site se-
quences of TGF-f family members (Table I), we noticed
that 11 out of 12 other than Nodal have an aliphatic resi-
due at position P2’, and in 12 out of 12, the amino acid at
position P3’ is either glycine or a polar residue. By con-
trast in Nodal, histidine (H246) and leucine (L247) are
present at P2’ and P3’, respectively. To test whether struc-
tural constraints imposed by these residues inhibit Nodal
cleavage, H246 and 1247 were substituted with leucine
and glutamate, respectively, resulting in a sequence similar
to that of Activin and of TGF-B isoforms. This mutant pre-
cursor, termed Nodal-H246L, was efficiently expressed in
cell lysates, but failed to accumulate in culture superna-
tants (Fig. 2 A). Likewise, Nodal-H246L failed to yield any
detectable mature Nodal.

To address the stability of mature Nodal and to assess
precursor cleavage, a Flag epitope was engineered into the
Nodal pro region, allowing detection of the NH,-terminal
cleavage product. As shown in Fig. 2 B, only the unpro-
cessed form of FlagNodal was detectable in cell lysates.
However, culture supernatants contained both precursor and
a 37-kD product corresponding to the Flag-tagged Nodal
pro domain, suggesting that Nodal is partially cleaved by
resident proteolytic activities. Cleavage of Nodal was
markedly enhanced by cotransfection with SPC1 or SPC4,
but not SPC7 (Fig. 2 B). Interestingly, cleavage of Flag-
tagged Nodal-H246L was enhanced even in the absence of
cotransfected SPCs, confirming that the H246L modifica-
tion of the Nodal cleavage site facilitates processing. More-
over, ablation of the canonical SPC cleavage site abolished
cleavage of the 50-kD Nodal precursor, ruling out the pos-
sibility that the 37-kD product arises due to nonspecific
degradation (Fig. 2 C).

Distinct Pro Regions Affect the Stability of
Mature BMPs

Our results demonstrate that mature Nodal, unlike Myc-
BMP4, fails to accumulate in culture supernatants even
under conditions where precursor cleavage is highly effi-
cient. To test whether the pro domains may influence the
stability of mature BMPs, we next examined the behavior
of a chimeric Nodal-MycBMP4 where the pro domain and
seven amino acids COOH-terminal to the cleavage site are
derived from Nodal sequence (Fig. 3). We also designed
control constructs where mature MycBMP4 is fused to a
Flag-tagged pro region derived either from Nodal (giving
rise to FlagNodal-MycBMP4) or BMP4 (giving rise to
Flag-MycBMP4). Interestingly, Nodal-MycBMP4 fusion
protein is efficiently secreted, but no mature MycBMP4 is
found in either cell lysates or culture supernatants (Fig. 3).
Cotransfection with SPC1 leads to a marked reduction in
the amount of precursor and to a corresponding increase
in the amount of the Flag-tagged NH,-terminal cleavage
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product. However, no mature BMP4 protein is detectable.
These findings demonstrate that Nodal-MycBMP4 is cleaved
and secreted, but fails to yield a stable mature product.
Similar results were obtained with chimeric constructs
consisting of mature MycDorsalin, another BMP family
member, fused to the Nodal pro domain (data not shown),
reinforcing the idea that the Nodal pro region confers a de-
stabilizing influence on both its own mature domain or
that of BMP4 or Dorsalin.

We next examined whether the pro domain of Dorsalin
may stabilize mature Nodal, since Dorsalin is known to be
efficiently processed and secreted by COS-1 cells (Basler
et al., 1993). As expected, mature Myc-tagged Dorsalin
migrating at 16-18 kD was readily detected in culture su-
pernatants (Fig. 4). Transfection of the chimeric Dorsalin-
MycNodal construct yielded both a 65-kD precursor, and
mature MycNodal protein migrating at ~18 kD. More-
over, after cotransfection with SPC1, only the mature 18-kD
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form is detected. These data establish that the Dorsalin
pro region confers enhanced stability to MycNodal.

The Dorsalin Pro Region Stably Associates with
Mature Protein

TGF-B precursors are known to form homodimers co-
valently linked in their NH,- and COOH-terminal do-
mains via disulfide bonds (Gentry et al., 1988; Miyazono
et al., 1988; Wakefield et al., 1988). After precursor cleav-
age, the TGF-B pro region remains noncovalently associ-
ated with the mature domain to form inactive latent com-
plexes (Miyazono et al., 1988; Wakefield et al., 1988). In
association with its pro region, mature TGF-f is stabilized,
exhibiting a 30-50-fold increase in its in vivo half-life
(Wakefield et al., 1990). However, unlike TGF-f isoforms,
the activities of other family members such as Dorsalin
have not been reported to be stabilized through an associ-
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ation with their pro domains. To test whether mature
Nodal may stably interact with the Dorsalin pro region,
immunoprecipitation experiments were carried out using a
Flag-tagged Dorsalin pro region. As shown in Fig. 5 A, the
Flag epitope did not interfere with the expression or pro-
teolytic processing of either FlagDorsalin or a FlagDorsa-
lin-MycNodal fusion protein. When these same superna-
tants were immunoprecipitated using the M2 anti-Flag
antibody, followed by anti-Myc immunoblotting, mature
MycDorsalin was found to coprecipitate with its cognate
Flag-tagged pro region, indicating that these two moieties
form stable complexes (Fig. 5 B). Similarly, processed
MycNodal was recovered in immunoprecipitates of Flag-
Dorsalin-MycNodal fusion protein. Thus, we conclude that
mature Nodal similar to mature Dorsalin can form stable
complexes with the Dorsalin pro region.

Formation of Disulfide Bonds and High Molecular
Weight Aggregates

Similar to other BMPs, Nodal is predicted to form disul-
fide-linked homodimers, but its failure to be stabilized
when derived from the Nodal pro region may reflect inef-
ficient dimerization. To test this possibility, we analyzed
disulfide bond formation of Nodal in nonreducing SDS
gels. Under nonreducing conditions, Flag-tagged Nodal
precursor was found at the position expected for a dimer
comprised of two 50-kD subunits (Fig. 6 A). Likewise,
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Flag-MycBMP4

text of its own pro domain, but not in association
with the Nodal pro region. Flag-tagged pro
BMP4 (proB4) and pro Nodal (proN) were de-
tected in cell supernatants (top right), showing
that Nodal-MycBMP4 is processed. The struc-
tures of the various precursors and the position
of Flag (open boxes) and Myc epitopes (black
boxes) relative to the precursor cleavage sites
(arrow) are shown schematically.

Flag-cmNodalH246L lacking a functional SPC cleavage
site also migrated at ~100 kD as predicted for the intact
precursor, although dimerization of this mutant construct
may be slightly inhibited as indicated by the presence of
some residual 50-kD form. In contrast, the FlagNodal pro
domain displayed a molecular mass of 37 kD both under
reducing and nonreducing conditions, suggesting that it is
monomeric. Thus, we conclude that disulfide bonds in the
COOH-terminal domain of Nodal mediate efficient ho-
modimerization.

Next, we compared disulfide bond formation of Myc-
BMP4, MycDorsalin, and Dorsalin-MycNodal in nonre-
ducing SDS gels. Processed MycBMP4 was detected at 40
kD (Fig. 6 B), confirming earlier reports that the 23-kD
subunit forms disulfide-linked homodimers (Hammonds
et al., 1991). Unexpectedly, the mature form of MycDorsa-
lin, which migrates at 16-18 kD when it is reduced (Fig. 5
A), was detected exclusively in high molecular mass aggre-
gates under nonreducing conditions (Fig. 6 B). These ag-
gregates specifically contain the COOH-terminal cleavage
product and probably some residual uncleaved precursor
form of Dorsalin, but not the Dorsalin pro domain frag-
ment which is monomeric and migrates at 52 kD under
nonreducing conditions (Fig. 6 B). Similar results were ob-
tained in the case of chimeric Dorsalin-MycNodal (Fig. 6
B) and Dorsalin-MycBMP4 constructs (Fig. 6 C), strongly
suggesting that the Dorsalin pro region mediates aggregation
of both mature Dorsalin, mature Nodal, and mature BMP4.
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Figure 4. Mature Nodal is stabilized when expressed as a fusion
protein with the Dorsalin pro region. MycDorsalin and Dorsalin-
MycNodal fusion protein in COS cell supernatants analyzed by
anti-Myc immunoblotting. Note that mature MycNodal (asterisk)
is stable when expressed in conjunction with the Dorsalin pro re-
gion.

Discussion

Here we provide the first direct evidence that members of
the SPC family enhance cleavage of BMP precursors.
Thus, in COS cells transfected with a BMP4 expression
vector, we find that the amount of mature BMP4 secreted
into culture medium is dramatically increased by cotrans-
fection of SPC1 or SPC4. Consistent with earlier reports
(Hammonds et al., 1991), the processed form of BMP4 mi-
grated at 23 kD in SDS gels, and it forms disulfide-linked
homodimers that are biologically active in an alkaline
phosphatase induction assay, demonstrating that cleavage
gives rise to functional protein. In addition, we analyzed
Nodal precursor processing using a peptide-specific anti-
Nodal antiserum. Whereas mature Nodal is 42% identical
to BMP4, its pro domain and sequences flanking the pre-
cursor cleavage site are significantly less conserved, imply-
ing that Nodal potentially is cleaved by distinct proteases.
However, we found that similar to BMP4, Nodal precursor
protein is efficiently processed in the presence of SPC1 or
SPC4, and that this cleavage requires an intact R-Q-R-R
sequence within the precursor, confirming the prediction
that this motif is a functional cleavage site. A similar motif
(R-A-K-R) identified by NH,-terminal sequencing of the
mature protein precedes the BMP4 cleavage site (Ham-
monds et al., 1991) and is required for precursor process-
ing (Hawley et al., 1995). Therefore, endogenous SPCs in-
cluding SPC1 and SPC4, and perhaps SPC6, seem most
likely to account for the constitutive processing of BMP4
and Nodal in COS cells.

The processing of other TGF-B family members includ-
ing TGF-B1 (Dubois et al., 1995), Activin A (Roebroek
et al., 1993), and Muellerian inhibitory substance (MIS)
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Figure 5. Mature MycNodal and mature MycDorsalin stably as-
sociate with the Dorsalin pro domain. (A) Insertion of a Flag
epitope (open boxes) in their pro domains does not interfere with
the processing of MycDorsalin, Dorsalin-MycNodal, or Myc-
Nodal (top), but allows detection of pro Dorsalin (proD) and pro
Nodal (proN) fragments and unprocessed precursor (pre) pro-
teins (bottom). (B) The supernatants shown in A were immuno-
precipitated using anti-Flag antibodies and analyzed by anti-Myc
immunoblotting. Mature MycDorsalin or MycNodal, respec-
tively, coprecipitate with the Dorsalin pro region.

(Nachtigal and Ingraham, 1996) has been shown previ-
ously to be enhanced in cells overexpressing SPC1. MIS
cleavage is also enhanced by SPC6, which appears to be
coexpressed with MIS during gonadal development. Thus,
SPC6 is a likely candidate for mediating MIS cleavage in
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Figure 6. Formation of higher order BMP complexes. (A) Nodal
proteins analyzed under reducing (left) or nonreducing condi-
tions (right) by anti-Flag immunoblotting. Note the presence of a
100-kD protein corresponding in size to a dimer of unprocessed
Nodal precursor, (pre),, and of monomeric pro fragments (pro)
in A and B. (B) MycBMP4, MycDorsalin, and Dorsalin-Myc-
Nodal analyzed in nonreducing SDS gels, followed by anti-Myc
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vivo (Nachtigal and Ingraham, 1996). Support for a role of
SPCs in processing of BMPs has come from analysis of
their expression patterns during embryogenesis (Constam
et al., 1996). Thus, we previously proposed that BMP pro-
cessing may be controlled by the overlapping activities of
SPC1, -4, -6, and -7. Indeed, cleavage of BMP4 and Nodal
precursors is enhanced by cotransfection with either SPC1
or SPC4. Proteolytic activation most likely is mediated di-
rectly, considering that a purified soluble form of SPC1
can specifically cleave recombinant TGF-31 precursor in
vitro (Dubois et al., 1995). Moreover, direct cleavage of
BMP4 by recombinant SPC1, -4, -6, and -7 has been re-
ported recently by Cui et al. (1998). Interestingly, while
our results on BMP4 cleavage by SPC1 and SPC4 agree
with those of Cui et al., the same is not true for SPC7
which appeared to be significantly less active in COS cells,
possibly owing to inefficient maturation. Alternatively, the
soluble SPC7 used by Cui et al. (1998) may differ in its ac-
tivity due to species differences or engineered deletion of
its COOH-terminal 118 amino acids.

Recent genetic studies revealed unique as well as par-
tially redundant functions for individual SPCs. Thus, mice
lacking functional SPC2 eventually become hypoglycemic
due to the failure of pancreatic a cells to generate mature
glucagon (Furuta et al., 1997). An additional fourfold re-
duction in the level of mature insulin in pancreatic extracts
suggests that SPC2 is also important for the conversion of
proinsulin, although some proinsulin seems to be pro-
cessed due to overlapping proteolytic activities (Furuta et al.,
1997, 1998). A likely candidate is SPC3 which is coex-
pressed with SPC2 in f cells, and can cleave both sites
flanking the C-peptide in proinsulin when expressed at
high levels (Irminger et al., 1996). On the other hand, an
obese patient with elevated levels of plasma proinsulin
and pro-opiomelanocortin, but very low levels of insulin,
was found to be genetically deficient for SPC3/PC1(3),
confirming that SPC3 is very important for proinsulin pro-
cessing, but that some residual insulin can be generated
by other proteases. A unique role has been attributed to
SPC5/PC4. Consistent with the exclusive expression of
SPCS in testicular germ cells, sperm produced by SPC57/~
males is reduced in its capacity to fertilize eggs. When fer-
tilization occurs, the resulting embryos die before the blas-
tocyst stage, presumably because they lack paternal fac-
tor(s) activated by SPC5 during normal sperm maturation
(Mbikay et al., 1997). Additionally, a loss of function mu-
tation has been generated at the SPC1 locus. Embryos
lacking SPCI1 die at around embryonic day 10.5, exhibiting
severe ventral closure defects including cardia bifida, and
fail to undergo axial rotation (Roebroek et al., 1998). Thus
it appears that closely related proteases cannot fully com-
pensate for the loss of SPCI. Interestingly, similar to em-
bryos compromised in both Nodal and Smad?2 signaling
(Nomura and Li, 1998), embryos lacking SPC4 display
varying degrees of holoprosencephaly (cyclopia; Constam,

(left) or anti-Flag (right) immunoblotting. (C) Dorsalin pro re-
gion-mediated aggregation of mature Myc BMP4. agg, aggre-
gates; asterisk, position of mature MycBMP4; B-ME, 3-mercap-
toethanol.
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D.B., and E.J. Robertson, manuscript in preparation). In
contrast, SPC7~/~ embryos apparently develop normally
(Constam, D.B., and E.J. Robertson, manuscript in prepa-
ration). These findings are consistent with the idea that
SPC4, but not SPC7, plays a pivotal role in the maturation
of BMP activities.

In comparison with mature Dorsalin, we detected far
less mature BMP4 in COS cell supernatants, even though
both precursors are highly abundant in cell lysates. These
proteins thus potentially differ in their stability, matura-
tion efficiency, or both. Our data suggest that the expres-
sion level of mature BMP4 is limited by the availability of
convertase activities rather than protein stability, since
mature BMP4 stably accumulates in supernatants upon
cotransfection with SPC1 or SPC4. Relatively little is
known about the regulatory mechanisms controlling the
susceptibility of individual TGF-B family members and
other proproteins to proteolytic cleavage. Several inde-
pendent studies have shown that the R-X-X-R motif is re-
quired (Molloy et al., 1992), but additional structural con-
straints also influence the efficiency of processing. For
example, synthetic peptides mimicking the dibasic proal-
bumin cleavage site are not hydrolyzed by SPC1 if the as-
partic acid in position P1’ is replaced by a basic residue
(Brennan and Nakayama, 1994). Furthermore, replacing
aspartate at position P6 by arginine results in increased
cleavage of prorenin (Watanabe et al., 1993). In contrast,
prorenin processing is completely inhibited if the P1’
serine is substituted by leucine (Watanabe et al., 1992).
These results suggest that the arginine and serine residues
in positions P6 and P1’, respectively, are unlikely to inhibit
BMP4 processing. Moreover, the best SPC1 substrates se-
lected among random peptides using phage display were
frequently found to contain an additional basic residue at
position P5, and proline in position P7 or P2’ (Matthews et
al., 1994). However, BMP4 contains both an arginine at P5
and a proline at position P2'. Thus, it remains unclear why
BMP4 cleavage in COS cells is inefficient compared with
MycDorsalin, and what additional parameters govern the
efficiency of precursor processing.

To visualize Nodal processing, we monitored the accu-
mulation of the NH,-terminal cleavage product. Thus,
Nodal appeared to be inefficiently cleaved in COS cells.
However, Nodal processing was significantly enhanced
when we substituted the P2’ histidine and the P3’ leucine
with leucine and glutamate, respectively. Most likely this is
due to increased flexibility at the cleavage site because his-
tidine is replaced by a more flexible residue. Therefore, it
may be interesting to determine whether similar steric
constraints inhibit Nodal processing in vivo, and whether
in vivo Nodal-H246L acts as a gain-of-function mutation.
Indeed, an active form of Vg-1 bypassing the tight regula-
tion of Vg-1 processing was instrumental in identifying its
role as an inducer of axial mesoderm in Xenopus embryos
(Thomsen and Melton, 1993).

Unexpectedly, we were unable to detect mature Nodal
either in whole cell lysates or conditioned medium, even
under conditions where Nodal precursor protein is com-
pletely processed. This strongly argues that the mature
form of Nodal is highly unstable. The instability of Nodal
is unlikely to reflect lack of dimerization since under non-
reducing conditions Nodal migrates at 100 kD, corre-
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sponding in size to dimerized precursor. Since the Nodal
pro region is monomeric, precursor dimerization appears
to be mediated via disulfide bonds in the COOH-terminal
domain, as is predicted by analogy to other TGF-$ family
members. Domain swap experiments confirmed that the
instability of Nodal is conferred at least in part by its pro
region which can similarly destabilize mature BMP4 or
Dorsalin. This effect cannot be explained by aberrant pro-
tein folding since misfolded proteins are usually retained
within the endoplasmic reticulum (Hammond and Hele-
nius, 1995), whereas the Nodal-BMP4 and Nodal-Dorsa-
lin fusion proteins are very efficiently secreted. Thus, we
found that the Nodal pro region dramatically increases the
secretion of BMP4 precursor (Fig. 3). As a result, BMP4
may be underglycosylated, possibly accounting for de-
creased stability as observed for other glycoproteins (Hori
et al., 1988; McCracken and Brodsky, 1996; reviewed in
Wang et al., 1996). Alternatively, BMP4 may require a sta-
bilizing interaction with its cognate pro domain or a frag-
ment thereof, or with a hypothetical BMP4 pro domain—
associated factor. However, an association of BMP4 with
its pro domain has not been observed in our experiments
(Fig. 5 B), nor by other investigators (Wozney et al., 1988;
Hammonds et al., 1991). In marked contrast, we found
that the Dorsalin pro region forms stable complexes with
its mature domain, and with mature Nodal. Thus, the Dor-
salin pro region remains stably associated with the mature
protein even after precursor cleavage. In the case of the
chimeric Dorsalin-Nodal fusion protein, this association
correlates with a marked stabilization of mature Nodal. It
will be interesting to determine whether specific pro re-
gions can be used to manipulate the stability of mature
BMPs in vivo, and whether this interaction influences the
range of BMP signaling.

The physiological significance of the complexes formed
with the Dorsalin pro region remains unknown. Possibly,
they serve to stabilize the mature protein, as is the case for
TGF-B1 which is secreted in a noncovalent complex with
its pro region (Lawrence et al., 1985; Miyazono et al., 1988;
Wakefield et al., 1988, 1990). Alternatively, they may rep-
resent an artifact resulting from overexpression in COS
cells. To evaluate this possibility, samples were analyzed in
nonreducing gels. Thus, the Dorsalin pro fragment was
found to be predominantly monomeric, suggesting that it
does not form disulfide bonds. Unexpectedly, mature Dor-
salin, Nodal, and BMP4 all were found exclusively in high
molecular weight aggregates when derived from the Dor-
salin pro domain. How these aggregates form remains un-
known. Although we cannot fully rule out the possibility
that the aggregation of mature protein is due to aberrant
disulfide bond formation, this seems unlikely since we and
others observed that COS cell-derived Dorsalin is a very
potent inducer of alkaline phosphatase in C3H10T1/2 cells
(Fig. 1 B; Basler et al., 1993). This strongly suggests Dorsa-
lin is properly folded, and its activity is not masked by ei-
ther its pro region or aggregate formation.

Collectively, our data show that processing of BMP4
and Nodal is limited in transfected mammalian cells. How-
ever, upregulation of either SPC1 or SPC4 leads to signifi-
cantly enhanced processing, suggesting that BMP activities
are likely to be controlled in vivo in part by the availability
of SPCs. Additionally, the efficiency of Nodal processing
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appears to be restricted by structural constraints imposed
by sequences adjacent to the cleavage site. Strikingly we
find that mature Nodal is far less stable than mature
BMP4 or Dorsalin, raising the interesting possibility that
the short half life of mature Nodal may limit the range of
Nodal signaling in vivo. In the embryo which is still very
small at the time when Nodal is transiently expressed, a
short half-life could represent an important mechanism to
prevent widespread diffusion of this signaling molecule.
Finally, we have shown that individual pro regions differ
markedly in their ability to stabilize mature BMPs. While
the physiological significance of this observation remains
to be clarified, this finding suggests that experiments using
chimeric BMP precursors should be interpreted with cau-
tion since enhanced or ectopic activities may in part reflect
a change in the half-life of mature protein. Future experi-
ments will test whether BMP activities can be modified in
vivo by manipulating either their processing efficiency or
stability.
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