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Bone morphogenetic protein 1 (BMP-1) and mammalian Tolloid (mTLD), two proteinases encoded by Bmp1,
provide procollagen C-proteinase (pCP) activity that converts procollagens I to III into the major fibrous
components of mammalian extracellular matrix (ECM). Yet, although Bmp1�/� mice have aberrant collagen
fibrils, they have residual pCP activity, indicative of genetic redundancy. Mammals possess two additional
proteinases structurally similar to BMP-1 and mTLD: the genetically distinct mammalian Tolloid-like 1
(mTLL-1) and mTLL-2. Mice lacking the mTLL-1 gene Tll1 are embryonic lethal but have pCP activity levels
similar to those of the wild type, suggesting that mTLL-1 might not be an in vivo pCP. In vitro studies have
shown BMP-1 and mTLL-1 capable of cleaving Chordin, an extracellular antagonist of BMP signaling,
suggesting that these proteases might also serve to modulate BMP signaling and to coordinate the latter with
ECM formation. However, in vivo evidence of roles for BMP-1 and mTLL-1 in BMP signaling in mammals is
lacking. To remove functional redundancy obscuring the in vivo functions of BMP-1-related proteases in
mammals, we here characterize Bmp1 Tll1 doubly null mouse embryos. Although these appear morphologically
indistinguishable from Tll1�/� embryos, biochemical analysis of cells derived from doubly null embryos shows
functional redundancy removed to an extent enabling us to demonstrate that (i) products of Bmp1 and Tll1 are
responsible for in vivo cleavage of Chordin in mammals and (ii) mTLL-1 is an in vivo pCP that provides
residual activity observed in Bmp1�/� embryos. Removal of functional redundancy also enabled use of
Bmp1�/� Tll1�/� cells in a proteomics approach for identifying novel substrates of Bmp1 and Tll1 products.

Bone morphogenetic protein 1 (BMP-1), first identified as a
protein of unknown function that copurifies with transforming
growth factor beta (TGF-�)-like BMPs from osteogenic ex-
tracts of bone (38), is the prototype of a family of structurally
similar metalloproteinases involved in morphogenesis in a
broad range of species (4). Surprisingly, despite its association
with TGF-�-like molecules, the first described role for BMP-1
was as a procollagen C-proteinase (pCP) (14, 17): the activity
necessary for cleaving C-propeptides from type I to III procol-
lagen precursors to produce mature monomers capable of
forming the major collagen fibrils of vertebrate extracellular
matrix (ECM) (25). A single gene encodes alternatively spliced
RNAs for BMP-1 and for a second protease, mammalian
Tolloid (mTLD) (35), that has been shown to have pCP activity
in vitro (29, 17). Nevertheless, although embryos homozygous
null for the Bmp1 gene, which encodes both proteases, have
abnormal collagen fibrils, mouse embryo fibroblasts (MEFs)
derived from these embryos have residual pCP activity that is
�40% of that of the wild type (33), suggesting the existence of
at least one additional mammalian pCP. Searches for addi-
tional mammalian BMP-1-related proteases identified two novel,
genetically distinct proteases, mammalian Tolloid-like 1 and 2

(mTLL-1 and mTLL-2) (29, 34). Thus, mammals have a total
of four BMP-1-related proteases, since additional mammalian
BMP-1-related proteases are absent from the databases.

It has been demonstrated that mTLL-1 has pCP activity in
vitro, while mTLL-2 reportedly lacks such activity (29). Nev-
ertheless, mice homozygous null for the mTLL-1 gene (Tll1)
have collagen fibrils of normal appearance, while Tll1�/�

MEFs have pCP activity levels indistinguishable from wild-type
levels (5). Such results have suggested that mTLL-1 might not
operate as a pCP in vivo and have left open the question of
which gene product(s) might provide residual pCP activity
observed in Bmp1�/� MEF cultures.

Various proteins involved in ECM formation are synthe-
sized as precursors, with propeptides that are proteolytically
removed to yield mature functional forms. Some of these have
cleavage sites with similarities to the cleavage sites of the
procollagen I to III C-propeptides, and this has suggested them
as possible candidate substrates of BMP-1-like proteases.
Analyses of candidates identified in such an approach has now
implicated the four mammalian BMP-1-related proteases in
the biosynthetic processing of precursors to the mature forms
of biglycan (31), laminin 5 (1), type VII collagen (26), and lysyl
oxidase (37). Surprisingly, however, a site for cleavage of N-
propeptides of type V procollagen by BMP-1 was found to be
totally dissimilar to those of the procollagen I to III C-propep-
tides (13). Thus, comprehensive searches for novel substrates
of BMP-1-like proteases must clearly be more unbiased in
respect to the nature of cleavage sites.
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The Drosophila BMP-1-related protease Tolloid, product of
one of at least seven zygotically active genes involved in em-
bryonic dorsal-ventral patterning (9), acts by cleaving the se-
creted protein Short gastrulation (SOG) (18) to release the
TGF-�-like molecule Decapentaplegic (DPP) from a latent
DPP-SOG complex. Similarly, the BMP-1-related nonmamma-
lian vertebrate proteases Xenopus Xolloid (23) and zebrafish
Tolloid (3) are capable of in vitro cleavage of the SOG ortho-
logue Xenopus Chordin and of counteracting dorsalizing ef-
fects of Chordin upon co-overexpression of protease and Chor-
din in Xenopus (23) or zebrafish (3) embryos. Mammalian
BMP-1 and mTLL-1 are capable of cleaving mammalian Chor-
din in vitro and of counteracting dorsalizing effects of mam-
malian Chordin upon co-overexpression in Xenopus embryos
(29), while neither mTLD nor mTLL-2 cleaves or counteracts
Chordin in similar assays (29). However, mTLD was recently
shown to have some ability to process Chordin in vitro in the
presence of the protein Twisted Gastrulation, which appears to
affect both cleavage of Chordin by some BMP-1-related pro-
teases and ability of Chordin to bind the vertebrate DPP or-
thologue BMP-4 (30). Importantly, despite insights provided
by previous studies, no proofs exist as to which, if any, mam-
malian BMP-1-related proteases might actually act to modu-
late BMP signaling in vivo in the normal course of develop-
ment and homeostasis.

In this report, embryos that are doubly homozygous null for
both Bmp1 and Tll1 have been generated in an attempt to
remove functional redundancy and, thereby, to resolve a num-
ber of outstanding questions regarding in vivo roles of mam-
malian BMP-1-related proteinases. Cells derived from these
embryos are successfully used to demonstrate that products of
Bmp1 and Tll1 are together responsible for in vivo processing
of Chordin in mammals. Bmp1�/� Tll1�/� doubly null cells are
also used to show mTLL-1 to be an in vivo pCP responsible for
residual pCP activity in Bmp1�/� embryos, while separate bio-
chemical analyses show for the first time that mTLL-2 has pCP
activity in the presence of certain modifier proteins. Finally,
proteomics-based analysis of Bmp1�/� Tll1�/� cells, rather
than a candidate substrate approach, is used to identify a novel
substrate for mammalian BMP-1-like proteases. Implications
of the data are discussed.

MATERIALS AND METHODS

DNA analysis and genotyping. Tail biopsies or yolk sac fragments were lysed
in a solution containing 100 mM Tris-HCl (pH 7.5), 50 mM EDTA, 0.5% sodium
dodecyl sulfate (SDS), and 0.1 mg of proteinase K/ml and digested overnight at
59°C. DNA extracted with phenol-chloroform was precipitated with 75% ethanol
and resuspended in water. Genotyping via PCR amplification used the following
primers for Bmp1 sequences: 5�-ACAGAACACCTTGTTCGACC-3� (forward
primer for both wild-type and mutant alleles), 5�-GCTGCCTGTGGAAGGAT
AAGCTGG-3� (reverse primer for wild-type allele only), and 5�-GCTATGAC
CATGATTACGCC-3� (reverse primer for null allele only). For Tll1 sequences,
primers were the following: 5�-GGTTACCCCTTCCTCTGCTTATGC-3� (re-
verse primer for both wild-type and null alleles), 5�-GTCACCATCATTAGAG
AGACCATCCAG-3� (forward primer for wild-type allele only), and 5�-CGCT
GCCTCGTCCTGCAGTTCATTCAG-3� (forward primer for null allele only).
Conditions for all PCR amplifications were 94°C for 5 min, followed by 32 cycles
of 94°C for 30 s, 65°C for 30 s, and 72°C for 3 min, and a final extension at 72°C
for 10 min. Products for Bmp1 alleles were 600 bp (wild type) and 400 bp (null).
Products for Tll1 alleles were 900 bp (null) and 450 bp (wild type).

Preparation of MEFs. MEFs were prepared from mouse embryos at 13.5 days
postcoitum (dpc), as previously described (12).

Electron microscopy. Embryo tail skin was prepared for electron microscopy
by 60 min of fixation in 1.5% paraformaldehyde–1.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) containing 0.05% tannic acid and 0.1% CaCl2. Sam-
ples were rinsed in buffer, immersed for 60 min in 1.0% buffered OsO4, rinsed
again in buffer, dehydrated in a graded series of ethanol to 100%, infiltrated in
propylene oxide, and embedded in Spurr’s epoxy.

For immunoelectron microscopy, MEFs were grown on Thermanox coverslips
(Nalge Nunc International), rinsed in serum-free Dulbecco’s modified Eagle’s
medium (DMEM), and then incubated for 3 h at ambient temperature with
rabbit polyclonal antibody LF-104 diluted 1:5 with serum-free DMEM. The
antibody LF-104, directed against sequences in the probiglycan prodomain, has
been described previously (11) and was the kind gift of Larry Fisher (National
Institutes of Health, Bethesda, Md.). Cultures were rinsed for 30 min in serum-
free DMEM and then incubated for 2 h in goat anti-rabbit 5-nm gold-conjugated
secondary antibody (Amersham) diluted 1:10 in serum-free DMEM. Cells were
then rinsed for 30 min in serum-free DMEM, fixed in 1.5% glutaraldehyde–1.5%
paraformaldehyde, and further fixed, dehydrated, and embedded as described
above for tissues.

Ultrathin sections were mounted on formvar-coated 1- by 2-mm slot grids,
stained in saturated uranyl acetate dissolved in 50% ethanol, followed by Reyn-
old’s lead citrate, and then examined using a Philips EM410 transmission elec-
tron microscope operated at 80 kV. A full discussion of the outlined electron
microscopy techniques may be found in reference 27.

Metabolic radiolabeling of MEFs. Confluent MEFs were metabolically radio-
labeled essentially as in the work of Suzuki et al. (33). Briefly, MEFs were
incubated for 24 h in a solution containing DMEM (pH 7.0), 10% fetal bovine
serum (FBS), 25 �g of ascorbate/ml, and 100 �g of soybean trypsin inhibitor
(SBTI) (Sigma)/ml, depleted in labeling medium (DMEM [pH 7.0], 5% dialyzed
FBS, 25-�g/ml ascorbate; 100-�g/ml SBTI) for 2 h without isotope, and then
radiolabeled 20 h with 20 �Ci of L-(2,3-3H)proline/ml. Protease inhibitors were
added to harvested media to final concentrations of 25 mM EDTA, 1 mM
N-ethylmaleimide (NEM), 1 mM p-aminobenzoic acid (PABA), 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 10 �g of leupeptin/ml, and 5 �g of pepstatin/ml;
and cell debris was removed by centrifugation. Collagenous forms were precip-
itated with 30% saturated ammonium sulfate on ice for 24 h, resuspended in 50
mM Tris-HCl (pH 7.5), 0.15 M NaCl, 25 mM EDTA, 1 mM NEM, 1 mM PABA,
1 mM PMSF, 10 �g of leupeptin/ml, and 5 �g of pepstatin/ml; reprecipitated
with 3 volumes of ethanol; and analyzed by SDS-PAGE under reducing condi-
tions on a 5% gel, and autofluorography as described by Lee et al. (16). Gel
loadings were of samples derived from conditioned media of equal numbers of
cells.

RT-PCR of MEF RNA. Total cell RNA was prepared from MEFs as described
previously (31), using TRIzol reagent (Life Technologies, Inc.). Reverse tran-
scription (RT) of 1 �g of RNA was performed using SuperScript II reverse
transcriptase (Life Technologies, Inc.). Conditions for PCR were 94°C for 2 min,
followed by 35 cycles of 94°C for 10 s, 65°C for 30 s, and 72°C for 2 min, and a
final extension at 72°C for 10 min. Mouse Chordin-specific primers were 5�-GG
ATTCTATGGCTCAGAGGCTCAGGG-3� (forward) and 5�-TCTCCTGGCT
CCAGATTTGGTAGGCTGG-3� (reverse). Glyceraldehyde-3-phosphate dehy-
drogenase control primers were as previously described (31). Products were
electrophoresed on a 1.5% agarose gel and visualized with ethidium bromide.

Isolation of MEF Chordin. MEFs, grown to confluence in DMEM–10% FBS,
were washed three times with phosphate-buffered saline (PBS) and switched to
serum-free DMEM containing 40 �g of SBTI/ml. After 16 h, heparin (Sigma)
was added to media to a final concentration of 30 �g/ml, and 8 h after that,
conditioned media were harvested and protease inhibitors were added to final
concentrations of 1 mM PMSF, 1 mM NEM, 1 mM PABA, and 10 mM EDTA.
Two hundred fifty microliters of a 50% heparin Sepharose slurry (CL-6B; Am-
ersham Pharmacia Biotech) in PBS was added to 10 ml of conditioned medium
from each genotype and rotated for 16 h at 4°C. Heparin Sepharose-containing
media were centrifuged, supernatants were removed, and pellets were washed
two times with 10 ml of PBS at 4°C. Two hundred microliters of 4� SDS-PAGE
sample buffer–5% �-mercaptoethanol was added to each pellet, the resulting
sample was mixed and boiled 5 min, and 20-�l aliquots were subjected to
SDS-PAGE on 4 to 15% acrylamide gradient gels.

Immunodetection of MEF pro�1(I)-derived collagen chains. MEFs were
grown in DMEM–10% FBS to �80% confluence and then switched to DMEM–
10% FBS containing 50 �g of ascorbate/ml overnight. Cells were then washed
three times with PBS and switched to serum-free media containing 50 �g of
ascorbate/ml and 40 �g of SBTI/ml. Conditioned media were harvested, and
proteinase inhibitors were added to final concentrations of 1 mM PMSF, 1 mM
NEM, 1 mM PABA, and 10 mM EDTA. Media samples were prepared by
addition of 4� SDS-PAGE sample buffer–5% �-mercaptoethanol and boiled for
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5 min. Cell layers were washed three times with PBS and then collected imme-
diately by scraping them into hot SDS-PAGE sample buffer–5% �-mercapto-
ethanol and boiling it for 5 min. Samples were subjected to SDS-PAGE on 5%
acrylamide gels and to Western blot analysis, as described below.

Immunodetection of MEF pro�1(XI)-derived collagen chains. Samples were
prepared as described for isolation of type V collagen from MEF cultures (36).
Cells were grown in DMEM–10% FBS to �80% confluence and then switched
to DMEM–10% FBS containing 50 �g of ascorbate/ml overnight. The next day,
cells were switched to serum-free DMEM containing 1 ng of TGF-�1 (R&D)/ml,
40 �g of SBTI/ml, and 50 �g of ascorbate/ml with or without 20 �M decanoyl-
RVKR-chloromethyl ketone (Bachem). Media were collected after 48 h, made
30% saturated with ammonium sulfate, and nutated overnight at 4°C. Samples
were centrifuged at 38,581 � g, and pellets were washed three times in 12.5 mM
Tris-HCl (pH 7.5)–75% ethanol at 4°C, resuspended in SDS-PAGE sample
buffer–5% �-mercaptoethanol, and boiled for 5 min. Samples were subjected to
SDS-PAGE on 4% acrylamide gels and Western blot analysis, as described
below.

Immunoblot conditions. Transfer of samples to polyvinylidene difluoride
membranes, incubations of blots with antibodies, and washes were as described
previously (15). All antibodies used for blots were derived from polyclonal rabbit
antisera. Antibodies against sequences in the human pro�1(I) C-telopeptide
(LF-67) and C-propeptide (LF-41) have been previously described (11) and were
the kind gift of Larry Fisher (National Institutes of Health, Bethesda, Md.).
Antibodies against sequences in the rat pro�1(XI) globular variable subdomain,
encoded by the rat �1(XI) gene exon 7, have been previously described (19) and
were the kind gift of Nick Morris (Shriners Hospital for Children, Portland,
Ore.).

For the present study, antibodies to the N terminus of mature mouse Chordin
were raised against the peptide EPPALPIRSEKEPLPVRGAC, which corre-
sponds to amino acid residues 30 to 48 in the published mouse Chordin sequence
(22), plus an additional cysteine for coupling to keyhole limpet hemocyanin.
Anti-Chordin antibodies were affinity purified on a column of the peptide im-
munogen coupled to resin, using previously described methodologies (15). As a
control, to show similar levels of proteins loaded per lane, samples from the
Chordin study were subjected to an immunoblot using anti-connective tissue
growth factor antibody (Fig. 5B), kindly provided by FibroGen (South San
Francisco, Calif.).

In vitro procollagen cleavage assay. 3H-radiolabeled type I procollagen was
prepared as previously described (29, 13), and 400 ng was incubated for 30 min
at 37°C alone or in the presence of an equimolar amount (�133 ng) of recom-
binant PCPE1, prepared as previously described (32), in 50 mM Tris-HCl (pH
7.5)–150 mM NaCl. Recombinant mTLL-1 and mTLL-2 with COOH-terminal
FLAG epitopes were prepared and purified as previously described (29), and 30
ng of one or the other was added to reactions, along with 0.1 M CaCl2, to bring
the final concentration to 5 mM CaCl2. Samples were returned to 37°C for 14 h,
and reactions were quenched by adding 10� concentrated SDS-PAGE sample
buffer containing �-mercaptoethanol and boiling it for 5 min. Samples were
subjected to SDS-PAGE on a 5% acrylamide gel, which was then treated with
EN3HANCE (DuPont) and exposed to film.

Two-dimensional (2D) electrophoresis. MEFs were grown to confluence in
DMEM–10% FBS, switched to DMEM–10% FBS containing 50 �g of ascor-
bate/ml overnight, and then switched to serum-free DMEM. After 48 h, condi-
tioned media were collected and proteinase inhibitors were added to final con-
centrations of 1 mM PMSF, 1 mM NEM, 1 mM PABA, and 10 mM EDTA.
Proteins from MEF conditioned media were precipitated by addition of 75%
ethanol and rocking overnight at 4°C. Samples were centrifuged at 72,128 � g,
and pellets were resuspended in SDS-PAGE sample buffer–5% �-mercaptoetha-
nol and boiled for 5 min. One hundred micrograms of protein from each MEF
sample was used for 2D electrophoresis, performed according to the method of
O’Farrell (20) by Kendrick Labs, Inc. (Madison, Wis.) as follows: isoelectric
focusing was carried out in glass tubes of inner diameter 2.0 mm using 2.0% pH
3.5 to 10 ampholines (Amersham Pharmacia Biotech) for 9,600 V � h. Fifty
nanograms of isoelectric focusing internal standard tropomyosin was added to
each sample. This protein migrates as a doublet with a lower polypeptide spot of
molecular weight �33,000 and pI 5.2, marked by an arrow on the stained gels.
After 10 min of equilibration in a solution containing 10% glycerol, 50 mm
dithiothreitol, 2.3% SDS, and 0.0625 M Tris-HCl (pH 6.8), each tube gel was
sealed to a stacking gel atop a 10% acrylamide slab gel (1 mm thick) and
subjected to SDS-PAGE for �4 h at 12.5 mA/gel. Silver-stained gels were dried
between sheets of cellophane.

Mass-spectrometry sequencing. Excised spots were rehydrated, washed twice
with 0.05 M Tris (pH 8.5)–30% acetonitrile and then with 100% acetonitrile for
1 to 2 min, lyophilized, and digested with 0.06 �g of sequencing grade modified

trypsin (Roche Molecular Biochemicals) in 13 to 15 �l of 0.025 M Tris (pH 8.5)
overnight at 32°C. Peptides were extracted twice with 50-�l aliquots of 50%
acetonitrile–2% trifluoroacetic acid, desalted with a C18 ZipTip (Millipore), and
eluted with 10 �l of acetonitrile, and the volume was reduced to �2 �l on a
Speed Vac concentrator (Savant) prior to injection. Samples were subjected to
MS/MS sequence analysis on a Micromass Q-Tof hybrid quadrupole–time-of-
flight mass spectrometer with a nanoelectrospray source at the Columbia Uni-
versity Protein Chemistry Core Facility. Processed files were submitted to a
MASCOT search (Matrix Science Ltd.) (22a).

RESULTS

Similar morphologies of Bmp1�/� Tll1�/� doubly homozy-
gous null and Tll1�/� singly homozygous null mice. The
Bmp1�/� genotype leads to perinatal lethality, with persistent
herniation of the gut and abnormal collagen fibrils (33), while
the Tll1�/� genotype is embryonic lethal, with primary defects
apparently confined to ectopia of heart and aorta and various
heart malformations, the most prominent being incomplete
formation of the interventricular septum (5). However, het-
erozygotes of each knockout line (maintained on an outbred
Black Swiss background) appear grossly normal, survive to
adulthood, and are fertile (5, 33). To generate embryos doubly
homozygous null for both genes, Bmp1�/� and Tll1�/� het-
erozygotes were intercrossed, followed by crossing of F1

Bmp1�/� Tll1�/� double heterozygotes, none of which had
obvious abnormalities, to each other. Genotyping of weanling
pups showed that only Bmp1�/� heterozygotes, Tll1�/� het-
erozygotes, Bmp1�/� Tll1�/� double heterozygotes, and wild-
type animals had survived to this stage. Examination of em-
bryos at 10.5, 13.5, and 14.5 dpc, by gross morphological
inspection and by histological analysis of hematoxylin and eo-
sin-stained fixed sections, found no observable differences be-
tween the phenotype of Bmp1�/� Tll1�/� doubly null embryos
and the previously reported phenotype (5) of Tll1�/� embryos.
As previously reported for Tll1�/� embryos (5), Bmp1�/�

Tll1�/� doubly null embryos begin to develop signs of cardiac
failure at �10.5 dpc and by 13.5 dpc display a distinctive
phenotype with secondary symptoms (e.g., marked edema) in-
dicative of cardiac failure and primary defects confined to the
aorta and heart. As previously reported for Tll1�/� embryos
(5), the most consistently observed primary defects in
Bmp1�/� Tll1�/� embryos were large defects of the muscular
interventricular septum and mispositioning of the descending
aorta to the center and the entire heart towards the left side of
the mutant embryo (data not shown). Interestingly, Bmp1�/�

Tll1�/� embryos did not display defects of the outflow tract
septum, despite previous evidence that this structure has high
levels of both Tll1 and Bmp1 expression and our previous
suggestion that absence of defects of this structure in Tll1�/�

embryos might result from functional substitution by Bmp1 (5).
Similarly, abnormalities were not noted in developing skeletal
elements or neural tissues in which high levels of expression of
both Bmp1 and Tll1 have previously been observed (5, 33–35),
nor in the endothelial linings of developing blood vessels, in
which expression domains of Bmp1 and Tll1 are also thought to
overlap (5).

Electron microscopy has previously shown Bmp1�/� em-
bryos to have collagen fibrils with an abnormal “barbed wire”
appearance due to the presence of bumps or projections on
their surfaces (33), while collagen fibrils of Tll1�/� embryos
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seemed normal in appearance (5). In the present study, trans-
mission electron microscopy surprisingly found Bmp1�/�

Tll1�/� embryos to have the same type of barbed wire collagen
fibrils found in Bmp1�/� embryos (Fig. 1B). Thus, even in the
absence of products of both Bmp1 and Tll1 genes, collagen
fibrillogenesis is able to occur, albeit with the production of
fibrils of abnormal morphology. These results suggested that
either Tll1 is not responsible for residual pCP activity noted in
Bmp1�/� embryos (33) or that, in contradiction to accepted
dogma, fibrillogenesis can occur in the total absence of cleav-
age of procollagen C-propeptides.

We have previously speculated that barbs on the abnormal
collagen fibrils of Bmp1�/� embryos represent uncleaved C-
propeptides of monomers incorporated into fibrils (33), and
cell culture and biochemical studies in the present work are
consistent with this possibility (see below). However, attempts
in the present study to localize C-propeptides to barbs of
collagen fibrils in Bmp1�/� Tll1�/� embryo tissues were un-

successful, since available antibodies to a peptide correspond-
ing to sequences in the C-propeptide of the pro�1(I) chain of
type I procollagen (11) proved unsuitable for immunohisto-
chemistry and were unable to detect even the C-propeptides of
intracellular procollagen molecules (data not shown). Surpris-
ingly, however, in a survey with available antibodies directed
against propeptides of other known substrates of BMP-1-like
proteases, conducted to determine whether other uncleaved
precursor molecules might accumulate and localize to struc-
tures in Bmp1�/� Tll1�/� embryo tissues, probiglycan, precur-
sor of the small proteoglycan biglycan, was found by immuno-
electron microscopy to be localized to the barbs of collagen
fibrils in Bmp1�/� Tll1�/� embryo tissues (Fig. 1D). Thus, the
barbs on abnormal Bmp1�/� Tll1�/� collagen fibrils appear to
contain or be associated with at least one noncollagenous pro-
tein.

mTLL-1 is an in vivo pCP responsible for residual pCP
activity in Bmp1�/� embryos. Sequences for mTLL-1 were
originally isolated in a screen for proteases responsible for the
residual pCP activity observed in Bmp1�/� MEF cultures (33,
34). However, although recombinant mTLL-1 has pCP activity
in in vitro assays (29), Tll1�/� MEFs have levels of pCP activity
indistinguishable from that of the wild type (5). To determine
whether mTLL-1 is responsible for the residual pCP activity
observed in Bmp1�/� MEFs, MEFs were derived from 13.5-
dpc Bmp1�/� Tll1�/� doubly null embryos and assayed for
processing of the C-propeptide of type I procollagen in culture
media. In such assays, levels of pCP activity are evidenced by
levels of mature type I collagen �1 and �2 chains, from which
both N- and C-propeptides have been removed, and by levels
of pN�1 and pN�2 processing intermediates, which retain N-
propeptides but from which C-propeptides have been removed
(Fig. 2A). Consistent with previous results (33), an autofluoro-
gram of metabolically radiolabeled collagen forms from
Bmp1�/� MEFs shows pCP activity to be reduced to �40% of
that of MEFs from a wild-type littermate. In contrast, however,
mature �1(I) and �2(I) chains and pN forms, and thus pCP
activity, are undetectable in media of Bmp1�/� Tll1�/� doubly
null MEFs (Fig. 2B). Similarly, a Western blot (Fig. 2C) em-
ploying antibodies against sequences within the C-telopeptide
region of the �1(I) chain found media of Bmp1�/� Tll1�/�

doubly null MEFs to contain only intact pro�1(I) chains and
the processing intermediate pC�1(I), which retains the C-
propeptide but from which the N-propeptide has been re-
moved. In contrast, the same Western blot shows culture
medium of MEFs from a wild-type littermate to contain
predominantly fully processed mature �1(I) chains and a heavy
band likely to represent a doublet containing both pC�1(I)
forms and slightly smaller pN�1(I) forms, from which the C-
propeptide has been removed but the N-propeptide retained.
In the same blot, the size difference of pC�1(I) and pN�1(I)
forms is displayed in a sample of partially processed human
type I procollagen, run as a control (Fig. 2C). The markedly
low levels of pCP activity in Bmp1�/� Tll1�/� doubly null MEF
media, compared to levels found in Bmp1�/� MEF media (Fig.
2), shows mTLL-1 to be an in vivo pCP responsible for residual
pCP activity found in Bmp1�/� MEFs.

Since cleavage of the C-propeptide is thought to be neces-
sary for fibrillogenesis to occur (24), it seemed paradoxical that
Bmp1�/� Tll1�/� doubly null embryos would form collagen

FIG. 1. Bmp1�/� Tll1�/� embryos form abnormal collagen fibrils
with barbs that are associated with precursors of the proteoglycan
biglycan. Electron micrographs show the ultrastructures of collagen
fibrils near the dermal-epidermal junctions of 14.5-dpc wild-type
(A) and Bmp1�/� Tll1�/� doubly null (B) embryo littermates and
demonstrate immunolocalization of probiglycan to the barbs of abnor-
mal collagen fibrils of the doubly null embryo (D) but not to fibrils of
the wild-type littermate (C).
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fibrils, albeit morphologically abnormal fibrils (Fig. 1), in the
apparently total absence of pCP activity (Fig. 2). To further
examine the nature of Bmp1�/� Tll1�/� type I collagen fibrils,
we characterized collagen forms incorporated into the ECM
associated with MEF cell layers. As can be seen on a Western
blot using the �1(I) C-telopeptide antibodies (Fig. 3A), both
wild-type and Bmp1�/� Tll1�/� MEF cell layers contain com-
pletely unprocessed pro�1(I) chains, which are likely to be
intracellular. Both wild-type and Bmp1�/� Tll1�/� MEF cell
layers also contain processing intermediates. Those in wild-
type MEF matrix are likely pN�1(I) chains, since their mobil-
ities are similar to those of pN�1(I) chains in a control sample
of partially processed type I procollagen (Fig. 3A) and because
various experimental approaches have previously found pC
forms to be absent from normal collagen fibrils (15, 24). In

regard to the latter point, it was especially interesting that
processing intermediates in Bmp1�/� Tll1�/� MEF ECM have
mobilities slower than those of the pN�1(I) chains in both the
wild-type sample and the partially processed procollagen con-
trol and similar to the mobility of pC�1(I) chains in the control
sample (Fig. 3A). To ascertain whether processing intermedi-
ates in Bmp1�/� Tll1�/� MEF matrix did, in fact, correspond
to pC�1(I) chains, Western blot analysis was performed using
antibodies directed against pro�1(I) C-propeptide sequences.
As can be seen (Fig. 3B), pC�1(I) chains were detected in
Bmp1�/� Tll1�/� MEF cell layer ECM but, as expected, were
absent from wild-type MEF ECM. These findings are consis-
tent with the probability that the barbed collagen fibrils in
Bmp1�/� Tll1�/� embryos contain monomers with retained
C-propeptides.

In addition to pC�1(I) forms, the Western blot of Fig. 3A
also detected small amounts of forms the size of mature �1(I)
chains in Bmp1�/� Tll1�/� ECM. Thus, low level C-propeptide
processing appears to be occurring. This suggested either that
doubly null MEFs have low levels of residual pCP activity or
that C-propeptide removal had occurred via some alternative
protease activity. Previous studies by members of this and
another group (2, 16) have found that procollagen C-propep-
tides can be removed in cell cultures via a cell layer-associated
activity that cleaves within the telopeptide at a site a few amino
acid residues removed from the authentic pCP site used for in
vivo removal of C-propeptides. However, such cleavage has
been reported only in cell cultures to which neutral polymers
have been added and results in � chains with slightly higher
electrophoretic mobilities than those of � chains produced via
cleavage by authentic pCP activity (2, 16). The �1(I) chains in
Bmp1�/� Tll1�/� MEF ECM have a mobility similar to that of
�1(I) chains in wild-type ECM (Fig. 3A). In addition, culturing
Bmp1�/� Tll1�/� MEFs in pH 7.0 medium in the presence of
soybean trypsin inhibitor, conditions which have been shown to
inhibit the cell layer-associated telopeptidase activity (2, 16),
had no apparent effect on collagen forms incorporated into cell
layer-associated ECM (data not shown). These various results
suggested that residual pCP activity, rather than an alternative
cell layer-associated activity, was responsible for the low-level

FIG. 2. Bmp1�/� Tll1�/� MEF culture medium lacks detectable
pCP activity: mTLL-1 is an in vivo pCP. (A) A schematic of type I
procollagen [a heterotrimer comprising two pro�1(I) chains and one
pro�2(I) chain] illustrates positions of the pNP and pCP cleavage sites,
for proteolytic removal of N- and C-propeptides, respectively. A hor-
izontal black bar over the pro�1(I) C-telopeptide domain (a small
globular region, which is retained on mature � chains, between the
triple-helical domain and the pCP cleavage site) marks the approxi-
mate position of amino acid residues corresponding to a peptide used
as an immunogen to produce the antibodies (11) used in the Western
blot of panel C. Represented diagrammatically below the procollagen
schematic are the various procollagen biosynthetic cleavage products
(Pro, procollagen; pN, form from which the C- but not N-propeptide
has been removed; pC, form from which the N- but not C-propeptide
has been removed; �, chains which constitute the mature triple-helical
collagen monomer. (B) An autofluorogram is shown of metabolically
radiolabeled procollagen and collagen processing intermediates in the
conditioned media of wild-type (WT), Bmp1�/� Tll1�/�, and Bmp1�/�

MEF cultures. pN�1(I) forms many times comigrate with pro�2(I) forms
on gels. Thus, it is most probable that the seemingly single band la-
beled as both pN�1(I) and pro�2(I) represents both pN�1(I) and
pro�2(I) forms in the WT and Bmp1�/� lanes, in which this band is
dark, and only the pro�2(I) form in the Bmp1�/� Tll1�/� lane, in which
this band is light. (C) A Western blot shows pro�1(I) chains and
processing products detected in conditioned media of wild-type and
Bmp1�/� Tll1�/� MEF cultures.

FIG. 3. Bmp1�/� Tll1�/� MEFs incorporate pC collagen forms,
with uncleaved C-propeptides, and small amounts of apparently ma-
ture monomers into ECM. Western blots using antibodies directed
against sequences in the pro�1(I) C-telopeptide (A) or C-propeptide
(B) demonstrate incorporation of pC�1(I) chains (A and B) and chains
the size of mature, fully processed �1(I) chains into ECM associated
with Bmp1�/� Tll1�/� MEF cell layers.
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C-propeptide processing necessary to produce the �1(I) chains
found in Bmp1�/� Tll1�/� MEF ECM.

mTLL-2 can function as a pCP. We were previously unable
to detect mTLL-2 pCP activity in the types of in vitro assays
used successfully to demonstrate pCP activity for BMP-1,
mTLD, and mTLL-1 (29). However, since we have previously
demonstrated expression of mTLL-2 RNA in MEFs (31), we
sought other assay conditions which might reveal mTLL-2 pCP
activity in order to determine whether mTLL-2 might be ca-
pable of providing low levels of residual pCP activity, thus
accounting for the �1(I) chains in Bmp1�/� Tll1�/� MEF
ECM. Procollagen C-proteinase enhancer 1 (PCPE1) is one of
two secreted glycoproteins, each of which is capable of poten-
tiating the activity of pCPs up to 1 order of magnitude under
certain conditions (32). As can be seen (Fig. 4), in the presence
of PCPE1, recombinant mTLL-2 has low but detectable levels
of pCP activity in an in vitro assay. Thus, since MEFs secrete
high levels of PCPE1 (data not shown), mTLL-2 may possibly
furnish low levels of pCP activity responsible for the small
amounts of �1(I) chains found in Bmp1�/� Tll1�/� MEF
ECM.

Products of the Bmp1 and Tll1 genes are responsible for in
vivo processing of Chordin. Availability of embryos with null
Bmp1 and Tll1 alleles suggested the possibility of using tissues
or cells from such embryos to resolve the question of whether
products of the Bmp1 and/or Tll1 genes are actually responsi-
ble for in vivo processing of Chordin in mammals. RT-PCR
demonstrated that wild-type, Tll1�/�, Bmp1�/�, and Bmp1�/�

Tll1�/� doubly null MEFs all produce Chordin RNA (Fig. 5A).
Thus, antibodies were raised against mouse Chordin se-
quences, and affinity-purified antibodies were employed for
Western blots to compare levels of Chordin in the culture
media of MEFs of the four different genotypes. Although
Chordin was not detectable above background in Western
blots of total proteins precipitated from MEF media with eth-
anol or trichloroacetic acid (data not shown), endogenous
Chordin was detectable when removed from media using hep-
arin Sepharose beads. As can be seen (Fig. 5B), full-length
Chordin was not clearly detectable in medium of MEFs de-
rived from wild-type or Tll1�/� littermate embryos. In contrast,
however, full-length Chordin and a possible cleavage product
are faintly visible in medium of MEFs derived from a Bmp1�/�

littermate embryo, and full-length Chordin is clearly visible in
medium from Bmp1�/� Tll1�/� doubly null MEFs. These re-
sults indicate products of both Bmp1 and Tll1 to be responsible
for in vivo cleavage of Chordin in mammals.

A proteomics-based analysis of Bmp1�/� Tll1�/� doubly
null MEFs identifies type XI collagen as a novel substrate for
mammalian BMP-1-like proteases. The large differences in
degrees of processing of procollagen I and Chordin in
Bmp1�/� Tll1�/� doubly null MEF medium, compared to re-
sults with the wild type, suggested that cleavage products of
various substrates represented as spots on 2D gels of wild-type
MEF medium might be absent from 2D gels of Bmp1�/�

Tll1�/� MEF medium. If so, such gels could be used in aFIG. 4. Metalloproteinase mTLL-2 has detectable pCP activity in
vitro in the presence of PCPE1. An autofluorogram of purified human
type I procollagen incubated alone (Procoll I) or in the presence of
PCPE1, mTLL-1, mTLL-2, or combinations of mTLL-1 plus PCPE1 or
mTLL-2 plus PCPE1 is shown.

FIG. 5. Expression and processing of Chordin in cultures of MEFs
with differing genotypes at the Bmp1 and Tll1 loci. (A) RT-PCR was
employed to assay for possible MEF expression of Chordin RNA
(upper panel) and for MEF expression of glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) RNA (lower panel) as a control for possible
variations in RNA isolation, RT efficiency, and gel loading. (B) West-
ern blot analysis was employed to assay for the presence of Chordin
protein in MEF conditioned media, and the number 115 to the left of
the blot marks the position of the molecular weight protein standard
�-galactosidase (upper panel). As a control, to show that similar levels
of protein were loaded per sample, the same samples were subjected to
a Western blot employing antibodies to the unrelated protein connec-
tive tissue growth factor (lower panel).
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proteomics approach towards identifying novel substrates of
products of the Bmp1 and Tll1 genes. To ascertain the feasi-
bility of such an approach, proteins from conditioned media of
wild-type and Bmp1�/� Tll1�/� MEFs were separately sub-
jected to 2D electrophoresis, and the patterns of spots were
compared. Comparison identified a number of spots on the
wild-type 2D gel (Fig. 6A) that were not detectable on the
Bmp1�/� Tll1�/� gel (Fig. 6B), and a number of these were
excised for analysis by mass spectrometry. Spots A, B, and C
appeared to be part of separate series of spots of the same
molecular weights, but different pIs, suggestive of differently
charged versions of the same proteins. Mass spectrometry
identified spot A as the C-propeptide of the pro�1 chain of
type I procollagen, spot B as the C-propeptide of the pro�1
chain of type III procollagen, and spot C as the C-propeptide
of the pro�2 chain of type I procollagen. Thus, appearance of
the C-propeptides of the major fibrillar collagens on the wild-
type gel, but not the Bmp1�/� Tll1�/� gel, validates this ap-
proach as a means of identifying in vivo substrates of Bmp1 and
Tll1 gene products. Mass spectrometry identified spot D as the
proline- and arginine-rich protein (PARP) subdomain of the
N-terminal globular sequences of the pro�1 chain of type XI
collagen, which has not previously been shown to be a sub-
strate of BMP-1-like proteases.

N-propeptide of the pro�1 chain of type XI collagen is an in
vivo substrate for products of the Bmp1 and Tll1 genes. Type
XI collagen is a low-abundance fibrillar collagen composed of
heteromeric monomers containing �1(XI), �2(XI), and
�3(XI) chains. The pro�1 and pro�2 chains of type XI pro-
collagen differ from the pro� chains of the major fibrillar
collagens I to III in having larger and more complex N-termi-
nal globular domains. The latter, as shown for the pro�1(XI)
chain (Fig. 7A), are composed of PARP and variable subdo-
mains. We have previously demonstrated that the PARP do-
main of the pro�1 chain of the low-abundance fibrillar colla-
gen, type V, is cleaved by BMP-1-like proteases and that the
C-propeptide is cleaved by furin-like proprotein convertase
activity (13, 36). To further investigate the possibility of in vivo
cleavage of the pro�1(XI) PARP subdomain by Bmp1 and Tll1
gene products and to test whether the C-propeptide might be
cleaved by furin-like activity, Western blot analysis was per-
formed to compare processing of the pro�1(XI) chain in wild-
type and Bmp1�/� Tll1�/� MEF cultures in the presence and
absence of furin inhibitor (Fig. 7B). In the absence of furin
inhibitor, medium from wild-type MEFs contains five bands
detectable by antibodies directed against sequences in the
pro�1(XI) variable subdomain. The two smallest bands corre-
spond in size to mature �1(XI) chains, from which both PARP
and C-propeptide domains have been cleaved (Fig. 7A). There

are thought to be two size classes of �1(XI) chains due to
alternative splicing which occurs within the variable subdomain
(21, 40). Interestingly, in the absence of furin inhibitor,
Bmp1�/� Tll1�/� MEF medium contained only two detectable
bands, neither of which corresponded in size to mature �1(XI)
chains. Thus, proteases produced by Bmp1 and/or Tll1 are
responsible for processing pro�1(XI) chains in MEF cultures.

By analogy to proteolytic processing of type V procollagen
(36), it seemed likely that the two bands in Bmp1�/� Tll1�/�

MEF medium represented pN�1(XI) forms which, in the ab-
sence of Bmp1 and Tll1 gene products, retained PARP do-
mains but from which C-propeptides had been removed by
furin-like convertase activity. Indeed, when the highly specific
furin inhibitor decanoyl-RVKR-chloromethyl ketone is added
to Bmp1�/� Tll1�/� MEF cultures, the two bands present in
untreated Bmp1�/� Tll1�/� MEF medium disappear, to be
replaced by two larger bands consistent in size with alterna-
tively spliced forms of full-length pro�1(XI) chains. Taken
together, results of the Western blot thus indicate pro�1(XI)
chains to be cleaved at one end by product(s) of Bmp1 and/or
Tll1 and at the other end by furin-like activity. Absence of the
pro�1(XI) PARP domain from the Bmp1�/� Tll1�/� 2D gel of
Fig. 6 is consistent with the interpretation that this is the
domain cleaved by BMP-1-like proteases and that the
C-propeptide is cleaved by the furin-like activity.

DISCUSSION

Surprisingly, we show the morphology of Bmp1�/� Tll1�/�

doubly null embryos to not differ in an obvious way from the
previously described morphology of Tll1�/� embryos. This dis-
proves previous predictions (5) that absence in Tll1�/� em-
bryos of defects in outflow tract septum, major blood vessels,
neural tissue, and cartilage, which normally show high levels of
Tll1 expression, might be due to functional compensation by
Bmp1. Yet despite morphological similarities between Tll1�/�

and Bmp1�/� Tll1�/� embryos, a series of analyses presented
here show functional redundancy to have been sufficiently re-
moved as to enable use of Bmp1�/� Tll1�/� doubly null em-
bryo cells in addressing unanswered questions regarding in
vivo functions of the mammalian BMP-1/Tolloid-related pro-
teinases. Moreover, removal of functional redundancy has al-
lowed use of Bmp1�/� Tll1�/� doubly null cells as tools in a
proteomics approach towards identifying novel substrates of
Bmp1 and Tll1 gene products.

The presence of residual pCP activity in Bmp1 null embryos
originally led to the search for additional mammalian BMP-1/
Tolloid-related metalloproteases and to the isolation of
mTLL-1 sequences (33, 34). Nevertheless, despite the finding

FIG. 6. Two-dimensional electrophoretic comparison of proteins in conditioned media of wild-type (A) and Bmp1�/� Tll1�/� doubly null
(B) MEF cultures. Silver-stained, second-dimension SDS-PAGE slab gels are shown, with edges corresponding to the acidic ends of first-dimension
isoelectric focusing gels to the left. Arrows mark the position on each gel of the �33,000, pI-5.2 isoelectric focusing internal standard tropomyosin,
added to each sample. Circles denote spots in the gel of wild-type conditioned medium (A) excised for mass-spectrometric analysis and
corresponding positions in the gel of Bmp1�/� Tll1�/� doubly null conditioned medium (B). Mass-spectrometric analysis showed spots A, B, and
C from the wild-type medium gel to correspond to C-propeptides of the pro�1(I), pro�1(III), and pro�2(I) procollagen chains and showed spot
D to correspond to the N-terminal globular PARP subdomain of the pro�1(XI) procollagen chain, a novel substrate. Numbers to the right of the
gels mark positions of molecular weight protein standards added to the agarose used to seal the tube gel to the slab gel: catalase (60,000), actin
(43,000), carbonic anhydrase (29,000), and lysozyme (14,000).
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that recombinant mTLL-1 has detectable pCP activity in vitro
(29), Tll1�/� embryos had collagen fibrils of normal appear-
ance, while MEFs derived from these embryos had levels of
pCP activity indistinguishable from those of wild-type litter-
mates (5). Here we have employed characterization of
Bmp1�/� Tll1�/� MEFs to demonstrate that the residual pCP
activity observed in Bmp1�/� MEF culture media is provided
by mTLL-1. Thus, mTLL-1 is an in vivo pCP, and products of
the Bmp1 and Tll1 genes together appear responsible for all
observable pCP activity in MEF culture media. The previous
finding that recombinant BMP-1 has more robust pCP activity
in vitro than does recombinant mTLL-1 (29) suggests that pCP
levels in Tll1�/� MEF media may have appeared indistinguish-
able from the wild type (5; also data not shown), since the more
robust pCP activity of BMP-1, combined with that of mTLD, is
sufficient to fully compensate for loss of mTLL-1 pCP activity
in Tll1�/� MEFs within the detection limits of our assays.

Although pCP activity is undetectable in Bmp1�/� Tll1�/�

MEF culture medium, Bmp1�/� Tll1�/� embryos, neverthe-
less, form collagen fibrils. This suggested either that, in con-
tradiction to accepted dogma, fibrillogenesis can occur in the
total absence of procollagen C-propeptide cleavage or that
some residual cleavage of C-propeptides occurs in these em-
bryos. Examination of ECM associated with Bmp1�/� Tll1�/�

MEF cell layers showed it to contain pC� forms, consistent
with the probability that collagen monomers with uncleaved
C-propeptides can, at least under certain circumstances, be
incorporated into fibrils and that the barbed fibrils of Bmp1�/�

Tll1�/� embryos contain collagen monomers with uncleaved
C-propeptides. However, Bmp1�/� Tll1�/� MEF ECM also
appeared to contain small amounts of collagen monomers of
the same apparent size as monomers cleaved by authentic pCP
activity at the physiologically relevant site, suggesting low lev-
els of residual pCP activity. In contrast to previous results (29),
mTLL-2 is demonstrated here to be capable of pCP activity,
albeit at relatively low levels detectable in vitro only in the
presence of the pCP potentiator PCPE1. Thus, since mTLL-2
RNA and PCPE1 have both been found to be expressed by
MEFs, this combination of proteins may provide the low levels
of apparent residual pCP activity. It is not entirely clear why
mature collagen monomers are detectable in ECM, but not
media, of Bmp1�/� Tll1�/� MEFs, although such enrichment
in the ECM may reflect preferential incorporation of the small
numbers of mature monomers, compared to incorporation of
processing intermediates, into growing fibrils.

Although antibodies raised against a peptide corresponding
to sequences within the type I procollagen C-propeptide did
not prove suitable for immunohistochemistry, a survey with
antibodies directed against the propeptides of other known
substrates of BMP-1-like proteins, designed to localize un-
cleaved precursors in Bmp1�/� Tll1�/� tissues, did localize
probiglycan, precursor of the small proteoglycan biglycan, to
Bmp1�/� Tll1�/� collagen fibril barbs, which are thought to
represent uncleaved procollagen C-propeptides. Biglycan has
been reported to be capable of binding normal collagen fibrils
(28). However, the suggestion from data presented here of an
interaction between probiglycan and the type I procollagen
C-propeptide was unexpected and of unknown significance.
Since biglycan has been shown to be a positive regulator of
bone growth (39), further studies into the nature of probigly-

can-biglycan interactions with procollagen C-propeptides and
possible effects on collagen biosynthesis are warranted.

Both biochemical and genetic evidence supports an in vivo
role for Drosophila Tolloid in regulating DPP signaling via
cleavage of the DPP antagonist, and Chordin orthologue, SOG
(18). Biochemically, Xenopus Xolloid, zebrafish Tolloid, mam-
malian BMP-1, and mTLL-1 have been shown to cleave Chor-
din in in vitro assays (3, 23, 29) and to be capable of counter-
acting dorsalizing effects of Chordin in overexpression assays
in Xenopus (23, 29) or zebrafish (3) embryos. However, genetic
analysis of possible in vivo involvement of vertebrate BMP-1/
Tolloid-related proteases in BMP signaling has been limited to
a demonstration that the zebrafish Tolloid mutation mini fin
yields a phenotype with some similarities to that of heterozy-
gotes of the BMP2b mutation swirl and reduced expression of
ventrally restricted markers, suggestive of decreased BMP sig-
naling (8). Here we have used analysis of Bmp1�/� Tll1�/�

embryo cells to provide direct genetic evidence of the in vivo
involvement of vertebrate BMP-1-like proteases in cleaving
Chordin. Thus, at least some members of this small family of
extracellular proteinases may indeed be involved in orchestrat-

FIG. 7. Pro�1(XI) chains are biosynthetically processed by BMP-
1-like and furin-like proteases. (A) A schematic of the pro�1(XI) chain
illustrates sites for in vivo processing by BMP-1- and furin-like pro-
teases, predicted on the basis of data presented in panel B and in Fig.
6. PARP and variable (VAR) subdomains and the C-propeptide (C-
Pro) of the pro�1(XI) chain are labeled. A horizontal black bar over
the pro�1(XI) variable domain marks the approximate position of
amino acid residues corresponding to a peptide immunogen used to
produce the antibodies (19) used in the Western blot of panel B.
(B) Western blot analysis of processing of endogenous pro�1(XI)
chains in cultures of wild type (WT) or Bmp1�/� Tll1�/� doubly ho-
mozygous null MEFs in either the presence (�) or absence (�) of the
furin inhibitor (F.I.) decanoyl-RVKR-chloromethyl ketone. The vari-
ous pro�1(XI) biosynthetic cleavage products labeled in panel B are
represented diagrammatically beneath the schematic in panel A. pN/
pC�1(XI), similarity in electrophoretic mobilities of pN�1(XI) and
pC�1(XI) processing intermediates prevented distinguishing between
them on the blot in panel B.
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ing BMP signaling with formation of the ECM in morphoge-
netic events.

Total absence of detectable processing of substrates such as
procollagen I and Chordin in Bmp1�/� Tll1�/� MEF media
suggested the feasibility of using a proteomics approach for
detecting cleavage products of novel substrates via mass-spec-
trometric analysis of spots present on 2D gels of wild-type
MEF medium but absent from 2D gels of Bmp1�/� Tll1�/�

MEF medium. In the present report, we have demonstrated
the successful use of this approach in identifying the pro�1
chain of type XI procollagen as a novel substrate for products
of Bmp1 and Tll1. Interestingly, although the pro�1(XI) chain
is a novel substrate, evidence here that the pro�1(XI) N-
terminal PARP domain is cleaved by BMP-1-like proteases,
while its C-propeptide is cleaved by furin-like proprotein con-
vertases, further validates the previous surprising findings (13,
36) of cleavage by BMP-1-like and furin-like proteases of the
PARP domain and C-propeptide, respectively, of the type V
collagen pro�1(V) chain, which is similar in domain structure
to the pro�1(XI) chain. Thus, these chains of the minor fibril-
lar collagen types V and XI are shown to be processed differ-
ently from the chains of the major fibrillar collagen types I to
III, in which C-propeptides are cleaved by BMP-1-like pro-
teases (14, 17) and N-terminal globular domains are cleaved by
proteases of the ADAMTS family (6, 7, 10).

It should be noted that the proteomics approach employed
in the present report involved analysis of total proteins ethanol
precipitated from relatively small volumes of MEF conditioned
media. In such an approach the amount of protein that can be
loaded on a gel is limited by the necessity of not overloading
the most abundant proteins in conditioned medium (e.g., pro-
collagens I and III and their cleavage products). Because of
this necessity, less-abundant proteins are not detected on
stained 2D gels. In contrast, it seems highly likely that frac-
tionation of proteins by various chromatographic methodolo-
gies from larger volumes of MEF media, followed by analysis
of individual fractions by 2D gel electrophoresis, will allow
identification of additional substrates of the Bmp1 and Tll1
genes. Additional substrates may also be identified through
proteomics analysis of other cell types derived from Bmp1�/�

Tll1�/� embryos. Clearly, proteomics approaches such as those
demonstrated and discussed here will be of use in identifying
novel substrates of other proteinases for which knockout mice
have been generated and issues of functional redundancy have
been addressed.
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