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Bone Morphogenetic Protein—-1: The Type |
Procollagen C-Proteinase

Efrat Kessler, Kazuhiko Takahara, Luba Biniaminov,
Marina Brusel, Daniel S. Greenspan

Bone morphogenetic proteins (BMPs) are bone-derived factors capable of inducing
ectopic bone formation. Unlike other BMPs, BMP-1 is not like transforming growth
factor-B (TGF-B), but it is the prototype of a family of putative proteases implicated in
pattern formation during development in diverse organisms. Although some members of
this group, such as Drosophila tolloid (TLD), are postulated to activate TGF-B-like pro-
teins, actual substrates are unknown. Procollagen C-proteinase (PCP) cleaves the
COOH-propeptides of procollagens |, Il, and lll to yield the major fibrous components of
vertebrate extracellular matrix. Here it is shown that BMP-1 and PCP are identical. This
demonstration of enzymatic activity for a BMP-1/TLD-like protein links an enzyme in-
volved in matrix deposition to genes involved in pattern formation.

After the isolation of BMP-1 peptides from
osteogenetic fractions of bone (1), proteins
involved in morphogenetic patterning, such
as Drosophila TLD and TLR-1 (2—4) and sea
urchin BP10 and SpAN (5), were isolated
and found to be structural homologs of
BMP-1. Each contains an NH,-terminal as-
tacin-like metalloprotease domain (6) fol-
lowed by varying numbers of epidermal
growth factor (EGF) motifs and CUB pro-
tein-protein interaction domains (7). Sub-
strates have not been demonstrated for any
member of this family of putative proteases.
Although évidence suggests they may func-
tion in morphogenesis by activating TGF-
B-like molecules (I, 8), it has also been
suggested that BMP-1/TLD-like proteases
may modify matrix components, thus influ-
encing cell fate decisions by altering cell-
matrix interactions (3).

Collagen types I, II, and I1I are the major
fibrous components of vertebrate matrix,
and their orderly deposition is critical for
normal morphogenesis. They are synthe-
sized as procollagens, precursors with NH,-
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and COOH-terminal propeptides that must
be cleaved to yield mature monomers capa-
ble of forming fibrils (9). PCP, the physio-
logical activity that cleaves procollagen 1,
I[I, and III COOH-propeptides, shares a
number of features with BMP-1. It is a
secreted N-glycosylated metalloprotease
that requires calcium for optimal activity
(10-12), and it is crucial for cartilage and
bone formation, because collagen types 11
and I, respectively, are the major protein
constituents of these tissues. Similarly,
BMP-1 is implicated in de novo endochon-
dral bone formation (1) and is also a met-
alloprotease with multiple sites for potential
N-linked glycosylation and EGF-like se-
quences that may confer calcium depen-
dence (13) on binding activities of adjacent
CUB domains. The molecular mass of
mammalian PCP (11) is close to that ex-
pected for mature BMP-1 (1). PCP activity
is stimulated by the procollagen C—protein-
ase enhancer (PCPE), a glycoprotein that
binds the type [ procollagen COOH-
propeptide by means of CUB domains (11,
14). Because PCP also binds the COOH-
propeptide (11, 12) and PCPE itself (15),
we noted that PCP may contain CUB do-
mains and, thus, be BMP-1-like (14).

To investigate possible correlations be-
tween BMP-1 and PCP, we compared the
properties of secreted recombinant BMP-1
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(rBMP-1) produced by a baculovirus system
(16) with those of purified mouse PCP (17).
We first examined whether rBMP-1 has
PCP-like activity (17). Type I procollagen
was incubated with conditioned media from
cells infected with baculovirus containing a
BMP-1 complementary DNA (cDNA) in-
sert. The type I procollagen was processed
to vyield the disulfide-linked COOH-
propeptide and pNal and pNa2 chains as
the major products (Fig. 1A) (18). No non-
specific cleavages were evident. The SDS-
polyacrylamide gel electrophoresis (SDS-
PAGE) mobilities of rBMP-1-generated
products were identical to those of products
generated by mouse PCP. Cleavages did not
occur when procollagen was incubated with
conditioned media from cells infected with
wild-type virus (Fig. 1, A and B) or from
uninfected cells (19). Electrophoretic mo-
bilities of reduced propeptide subunits C1
and C2 from human (Fig. 1B) or chick (Fig.
1C) type I procollagen were also indistin-
guishable when released by rBMP-1 or PCP.

These results were consistent with the

Table 1. Inhibition profiles of rBMP-1 and procol-
lagen C-proteinase (PCP). DFP, diisopropy! flu-
orophosphate; PMSF, phenylmethylsulfonyl fluo-
ride; SBTI, soybean trypsin inhibitor. ND, not
done.

Con- Inhibition (%)
cen- with
Inhibitor tra-

tion

(mM) rBMP-1" PCPY
EDTA 10 100 100
EGTA 10 100 100
1,10-phenanthroline 1 100 98
1,7-phenanthroline 1 0 ND
1,4-phenanthroline 1 89 ND
L-Lysine 10 89 80
L-Arginine 10 92 86
e-Amino caproic acid 10 81 80
Dithiothreitol 1 100 100
DFP 1 10 114
PMSF 0.4 0 13
SBTI 108§ 0 10
Leupeptin 10§ 0 0
*rBMP-1 activity was determined with the assay for PCP
activity described in Kessler et al. (12). TPCP data are
from Kessler et al. (12). ‘FValue for inhibition of PCP by
DFP is from Hojima et al. (10). §10 pg/ml.



cleavage of procollagen by rBMP-1 and
PCP at identical sites. NH,-terminal amino
acid sequencing (20) of the propeptide sub-

Fig. 1. rBMP-1 has PCP activity. (A, B, and C)
rBMP-1 cleaves procollagen COOH-propeptides.
Human type | procollagen labeled with [*H]trypto-
phan and ['“C]proline and ['“Clglycine (A and B)
and [PH]tryptophan-labeled chick procollagen type
| (C) were incubated with rBMP-1 and samples
analyzed by SDS-PAGE without (A) and with (B and
C) reduction. Reactions were performed in the
presence (even lanes) or absence (odd lanes) of
PCPE. Lanes 1 and 2, procollagen substrate; 3 and
4, substrate plus medium from insect cells infected
with recombinant virus; 5 and 6, substrate plus
mouse PCP; 7 and 8, substrate plus medium from
insect cells infected with wild-type virus. pNa1 and
pNa2, collagen processing intermediates contain-
ing NH,-, but not COOH-propeptides; o1 and a2,
mature collagen chains; C;, disulfide-linked
COOH-propeptide; C1 and C2, COOH-propeptide
subunits of proa1 and proa2 chains, respectively.
In (B) the faint band in front of C1 is C1(lll). (D)
NH,-terminal sequences of COOH-propeptides
cleaved from human procollagens | and Il by
rBMP-1. Shown are the C1(l), C2(l), and CA1(lll)
propeptide subunits of the proa1(l), proa2(l), and
- proa1(lll) chains, respectively. Sequences obtained
(bottom lines) are compared to those obtained by
cleavage with mouse PCP (72) (top lines). Arrow,
peptide bond cleaved by PCP and rBMP-1. X, un-
resolved residue. (E) rBMP-1 processing activity is
enhanced by PCPE. Procollagen processing activ-

units released by rBMP-1 from human pro-
collagen I (Fig. 1D) indicated that cleav-
ages had occurred at the physiological PCP
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ity of BMP-1 was measured in the absence and presence of increasing amounts of PCPE and the relative
increase of enzyme activity (A/Ao) determined. En36, 36-kD form of PCPE (7 7); A and Ao, enzyme activity

with and without PCPE, respectively.

Fig. 2. rBMP-1 binds lysyl- and C-propeptide-
Sepharose. (A) Lysyl-Sepharose chromatography
of rBMP-1. Concentrated conditioned media from
insect cells expressing rBMP-1 (~17 units/6 ml;
equivalent to 32 ml of media) was chromato-
graphed on lysyl-Sepharose as described for
mouse PCP (77). Arrow, initiation of elution with 0.1
M e-aminocaproic acid in buffer B (27). Fractions 5
to 30 were directly assayed for rBMP-1 activity,
whereas fractions 53 to 62 were dialyzed against
buffer A before assaying activity. (ll), absorbance
at 280 nm; (@), rBMP-1 activity. (B) COOH-propep-
tide-Sepharose chromatography of rBMP-1. Frac-
tions 55 to 62 from the lysyl-Sepharose column
were pooled, concentrated, and dialyzed against
buffer B. 1.1 ml (~13 units) was chromatographed
on COOH-propeptide-Sepharose as described
(77). Arrow, initiation of elution with buffer B made 1
M in guanidine hydrochloride and NaCl. Fractions 2
to 20 were directly assayed for rBMP-1 activity,
whereas fractions 39 to 48 were dialyzed against
buffer A before assay. Absorbance at 280 nm was
not measured because of the very low protein con-
centrations in column fractions. Active fractions 40
to 45 were pooled, concentrated to 1 ml, dialyzed
against buffer A, and stored at —80°C. (Inset) Elec-
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Activity (U/ml)

Activity (U/ml)

0 20 40
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trophorogram showing progress of rBMP-1 purification. Lane 1, crude rBMP-1 (10 pl of sample loaded
on the lysyl-Sepharose column); 2, lysyl-Sepharose purified rBMP-1 (concentrated pooled fraction, 15
wl); 8, COOH-propeptide-Sepharose purified rBMP-1 (concentrated pooled fraction, 25 wl); 4, purified
mouse PCP (~20 ng). Electrophoresis in a 10% polyacrylamide gel was without reduction, and protein
bands were visualized by silver staining (29). Left, migration positions of (reduced) standard proteins with
indicated molecular masses. € and <, migration positions of PCP and rBMP-1, respectively.
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sites (10, 12). In addition, the human pro-
collagen substrate contained some type 1II
procollagen (Fig. 1B), and the CI(III) se-
quence also demonstrated cleavage at the
physiological site (Fig. 1D).

Processing activity of rBMP-1, like that
of PCP, was stimulated by the PCPE (Fig. 1
A, B, and C). A quantitative activity assay
(Fig. 1E) showed that PCPE enhanced
tBMP-1 processing activity sevenfold, a lev-
el comparable to the amount of enhance-
ment obtained for mouse PCP (I1). The
same activity assay was also used to study
inhibition properties of rBMP-1, which
were found to be the same as those dis-
played by PCP (Table 1) (10, 12).

PCP specifically binds the type I procol-
lagen COOH-propeptide (11, 12), a prop-
erty utilized for purification of mouse PCP
with COOH-propeptide-Sepharose chro-
matography (11, 12). Purification of PCP is
improved by chromatography on lysyl-
Sepharose before binding to COOH-
propeptide-Sepharose (11). When condi-
tioned media from insect cells expressing
rBMP-1 were subjected to sequential chro-
matography on lysyl- (Fig. 2A) and COOH-
propeptide-Sepharose (Fig. 2B), rBMP-1
bound and eluted from these resins with a
profile similar to that observed for PCP
(21). Moreover, the chromatography yield-
ed an rBMP-1 preparation with only two
protein bands detected by SDS-PAGE and

Fig. 3. (A) When immuno- A

blotted, rBMP-1 and PCP 12 3
cross-react immunologically

with antibodies to a BMP-1
fusion protein. Lane 1, con-
ditioned media from insect B
cells infected with wild-type 1 253, 14
virus (25 pl; concentrated
50-fold); 2, conditioned me-
dia from insect cells infected
with recombinant virus (25
wl; concentrated 50-fold;
~0.6 units); 3, purified PCP %p !
(~0.25 units). All samples ¢, "
were reduced with 2-mer-
captoethanol. 4and <, PCP
and rBMP-1, respectively.
(B) Migration of deglycosylated rBMP-1 and PCP
is identical on SDS-PAGE. rBMP-1 and PCP
(~250 ng; purified as in Fig. 2) were treated with
PNGase F (22) and analyzed by immunoblotting
with antibody to BMP-1 fusion protein. Lane 1,
PCP (25 ng); 2, rBMP-1 (250 ng); 3 and 4, degly-
cosylated PCP and rBMP, respectively. Samples
were unreduced. SDS-PAGE (A and B) was on
10% polyacrylamide gels. (C) Comparison of pep-
tide sequences of mouse PCP (bottom lines) with
the corresponding amino acid sequences of
BMP-1 (top lines) (7, 25, 26). f1 and f2, fragments
derived from mouse PCP by V8 protease treat-
ment; X, unresolved residue. Subscript numbers,
positions of residues within respective sequence.
Analyses were performed on 6 and 2 pmol of f1
and 2, respectively.

AATSRP
AATSRP

VESLGET

BMP-1y37 143
217 VEXLGET
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silver staining (Fig. 2B, inset). The band
corresponding to rBMP-1 migrated some-
what ahead of mouse PCP (open and closed
arrowheads, respectively) and was identi-
fied by immunoblotting with BMP-1-spe-
cific antibodies. SDS-PAGE mobility of
this protein was identical to that of the only
positive band in immunoblots (22) of the
crude rBMP-1 preparation, whereas the
same band was absent from control media of
insect cells infected with wild-type virus
(Fig. 3A). Immunoblotting also showed
that mouse PCP is recognized by BMP-1~
specific antibodies (Fig. 3A), demonstrat-
ing, in spite of the mobility difference, the
relatedness of the two proteins. N-glycosy-
lated mammalian proteins expressed in bac-
ulovirus systems are generally smaller than
native counterparts as a result of differences
in N-glycosylation by insect and mammali-
an cells (23). Removal of N-linked saccha-
rides of mouse PCP and rBMP-1 with pep-
tide-N-glycosidase F (PNGase F) (22)
caused a pronounced increase in the mobil-
ity of both, such that the two proteins
migrated identically (Fig. 3B).

To further establish the relatedness of
PCP and BMP-1, we performed NH,-termi-
nal amino acid sequencing on two frag-
ments, fl and f2, generated from mouse
PCP by V8 protease treatment (24). The
sequences-obtained (Fig. 3C) both lie with-
in the published amino acid sequences of
human and mouse BMP-1 (1, 25, 26) and
correspond to residues 1 to 6 (f1) and 137 to
143 (f2) of the metalloprotease domain.
Consistent with V8 protease specificity of
cleavage, position 136 in BMP-1 is a Glu.
These results provide strong evidence that
BMP-1 and PCP are the same protein. The
fl sequence corresponds precisely to the
beginning of the metalloprotease domain,
immediately downstream of the dibasic pro-
cessing motif RSRR (I, 2, 25-27). lt, thus,
likely represents the NH,-terminus of ma-
ture BMP-1, providing experimental evi-
dence that the peptide bond following the
RSRR sequence is the site for cleavage of
the proregion.

Previous biochemical (I) and genetic
(8) evidence suggested that BMP-1/TLD-
like proteases may affect cell fate decisions
through activation of TGF-B-like proteins.
The identification of BMP-1 as PCP does
not preclude the possibility that BMP-1/
PCP is a multifunctional enzyme that also
activates TGF-B-like proteins. Alternative-
ly, because the BMP1 gene produces alter-
natively spliced transcripts for BMP-1 and
for a longer protein, mammalian tolloid
(mTId) (25), with a domain structure iden-
tical to that of Drosophila TLD, these two
proteins may serve separate functions. Be-
cause BMP-1 peptides that copurify with
TGEF-B-like BMPs (1) are common to both
BMP-1 and mTld, it remains to be deter-
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mined whether BMP-1, mTld, or both ac-
tually interact with TGF-B-like molecules.
Some TGF-B-like molecules can stimulate
matrix production (28). Thus, a product or
products of the BMP1 gene may activate
TGF-B-like molecules and then process in-
duced procollagens into insoluble matrix,
the latter further influencing cell fate deci-
sions by altering cell-matrix interactions.
The parsimonious use of the BMP1 gene for
these dual roles would make it a key player in
morphogenesis and wound repair and in
pathological conditions involving fibrosis
and scarring.
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