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Bone Morphogenetic Protein-1 : The Type I 
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-I is not like transforming growth 
factor-p (TGF-p), 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-p-like pro- 
teins, actual substrates are unknown. Procollagen C-proteinase (PCP) cleaves the 
COOH-propeptides of procollagens I, II, and Ill 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-1iTLD-like protein links an enzyme in- 
volved in matrix deposition to genes involved in pattern formation. 

A f t e r  the  isolation of BMP-1 peptides from 
osteogenetic fractions of hone (1 ), proteins 
involved in lnorphogcnetic patterning, such 
as Drosophiiu TLD anil TLR-1 (2-4) and sea 
urchin BPlO anil S D A N  15). were isolated , , ,  

and found to be structural homologs of 
BMP-1. Each contains a n  NH,-terminal as- 
tacin-like lnetalloprotease d o k a l n  (6) fol- 
lowed by varying n~llnhers of ep~dermal  
growth factor (EGF) lnotifs and C U B  pro- 
tein-protein ~nteract ion ilolnains (7) .  Sub- 
strates have not been ilenlonstrated for anv 
member of this falllily of putatlve proteases. 
Although 6viilence suggests they may func- 
tion in morphogencsis by activating TGF- 
P-ltkc molecules ( 1 ,  8), it has also been 
suggested that BhIP-l/TLD-ltkc proteases 
may modify matrix components, thus influ- 
encing cell fate ilecisions by altering cell- 
nlatrix interactions (3) .  

Collagen types I ,  11, anil I11 are the  major 
f i h r o ~ ~ s  colnponents of vertebrate matrix, 
anil their orilerlv ilenosltion is critical for , L 

normal morphogenesis. They are synthe- 
sized as procollagens, precursors with NH,- 

and COOH-te rm~na l  propeptides that must 
he cleaved to  yield nlature lllonolners capa- 
hle of forlning fibrils (9) .  PCP, the  rl~ysio- 
logical activity that cleaves procollagcn I ,  
11, and 111 COOH-propcptides, shares a 
n ~ ~ m b c r  of features with BMP-1. I t  1s a 
secreted N-glycosylated metalloprotcase 
that requires calcium for optillla1 activity 
(1 0-1 2 ) ,  and it is crucial for cartilage anil 
bone formation, hecause collagen types I1 
and I ,  respectively, arc the major protein 
cons t i t~~cn t s  of these tissues. Similarly, 
BMP-1 is implicated in de novo endochon- 
ilral hone formation (1 ) and is also a met- 
alloprotcase with multiple sites for potential 
N-linkcil glycosylation and EGF-like se- 
quences that may confer calcium depen- 
dence (13) o n  binding activities of adjacent 
C U B  domains. T h e  molecular Inass of 
nlalnlnalian PCP (1 1)  is close to that ex- 
pected for mature BhIP-1 (1 ). PCP a c t i ~ i t y  
is stimulated by the  procollagen C-protein- 
ase enhancer (PCPE), a glycoprotein that 
hinds the  typc I procollagcn C O O H -  
propeptide by means of C U B  dolnains (1 1 ,  
14).  Because PCP also bmds the C O O H -  

E Kessler. L B~naminov, M Brusel Maurice and Gabrl- 
propeptide (1 1 , 12) anil PCPE itself (15) ,  
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(KBIMP-1) p rod~~ce i l  by a haculovirus system 
(1 6)  with those of purifieil mouse PCP (1 7) .  
W e  f ~ r s t  examined whether ~BIMP-1 has 
PCP-like activity (1 7). Type I procollagen 
was incubated with cond~tioneil  lnedia from 
cells mfectcil with haculovir~~s containing a 
BMP-1 colnplclnentary D N A  (cDNA)  in- 
sert. T h e  type I procollagcn was processed 
to yield the  disulfide-linked C O O H -  
propeptide and p N a l  anil p N a 2  chains as 
the  major products (Fig. I A )  (18) .  N o  non- 
specific cleavages were evident. T h e  SDS- 
polyacrylalniile gel electrophoresis (SDS- 
PAGE) mobilities of rBMP-1-generated 
proilucts were identical to  those of prod~lcts 
generated by lnousc PCP. Cleavages did not 
occur when procollageln was incubateil with 
conditioned media from cells infected with 
wilil-type virus (Fig. 1 ,  A and B) or from 
uninfected cells (1 9). Electrophoretic mo- 
h ~ l ~ t i c s  of reduced propeptiilc subunits C 1  
and C 2  from 11~11llan (Fig. 1B) or chick (Fig. 
1 C )  type I procollagen wcre also indistin- 
guishable when released hy rBMP-1 or PCP. 

These r e s ~ ~ l t s  were consistent w ~ t h  the  

Table 1. Inhbton prof~les of rBMP-1 and procol- 
agen C-protenase (PCP). DFP, d~sopropyl flu- 
orophosphate; PMSF, phenylmethylsulfonyl fluo- 
ride: SBTI, soybean trypsin ~nh~b~tor.  N D ,  not 
done. 

Con- nhbit~on (%) 
cen- wlth 

Inhbitor tra- 
t~on 

( m ~ )  rBMP-I" PCP-? 

EDTA 10 100 100 
EGTA 10 100 100 
I ,I 0-phenanthrol~ne 1 100 98 
1,7-phenanthrol~ne 1 0 ND 
1,4-phenanthrone 1 89 N D  
L-Lysne 10 89 80 
L-Argnne 10 92 86 
E-Am~no caproic acd  10 8 1 80 
Dithiothreitol 1 100 100 
DFP 1 10 11:: 
PMSF 0.4 0 13 
SBTI 10s 0 10 
Leupeptin 10s 0 0 

'rBMP-I actvty was determined w~ th  the assay for PCP 
activty descrbed n Kessler eta1 (12) -:-PCP data are 
from Kesseretai 112) :i:Valuefor n h b ~ t ~ o n  of PCP by 
DFP IS from Hojma et a1 (10) a10 yg/ml 
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cleavage of procollagen by rBMP-1 and units released by rBMP-1 from human pro- 
PCP at identical sites. NH2-terminal amino collagen I (Fig. 1D) indicated that cleav- 
acid sequencing (20) of the propeptide sub- ages had occurred at the physiological PCP 

Fig. 1. rBMP-1 has PCP activity. (A, B, and C) 
rBMP-1 cleaves procollagen COOH-propeptides. 
Human type I procollagen labeled with [3H]trypto- 
phan and [14C]proline and [14C]glycine (A and B) 
and [3H]tryptophan-labeled chick procollagen type 
I (C) were incubated with rBMP-1 and samples 
analyzed by SDS-PAGE without (A) and with (Band 
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. pNal and 
pNa2, collagen processing intermediates contain- 
ing NH,-, but not COOH-propeptides; a1 and a2, 
mature collagen chains; C,, disulfide-linked 
COOH-propeptide; C1 and C2, COOH-propeptide 
subunits of proal and proa2 chains, respectively. 
In (B) the faint band in front of C1 is Cl(111). (D) 
NH,-terminal sequences of COOH-propeptides 
cleaved from human procollagens I and Ill by 
rBMP-1. Shown are the C1 (I), C2(1), and Cl(111) 
propeptide subunits of the proal(l), proa2(1), and 
proal (Ill) chains, respectively. Sequences obtained 
(bottom lines) are compared to those obtained by 

Cl(I) YRA DDANWRDRD 
DDAHWROXD 

t t  5 10 
C Z C I I  YRA OQPRSAPSLR 

OQPRSAPSLX 

4 1  I I0 
C l ( I I 1 )  mG DEPHOFKINT 

OEWXFKINT 

E 

cleavage with mouse PCP (12) (top lines). ~ r row,  
peptide bond cleaved by PCP and rBMP-1. X, un- 
u 

"0 40 80 120 
resolved residue. (E) rBMP-1 processing activity is ng Eh, 
enhanced by PCPE. Procollagen processing activ- 
ity of rBMP-1 was measured in the absence and presence of increasing amounts of PCPE and the relative 
increase of enzyme activity (AIAo) determined. Eh36,36-kD form of PCPE (1 7); A and Ao, enzyme activity 
with and without PCPE, respectively. 

sites (10, 12). In addition, the human pro- 
collagen substrate contained some type 111 
procollagen (Fig. lB), and the Cl(II1) se- 
quence also demonstrated cleavage at the 
physiological site (Fig. ID).  

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 
rBMP-1 processing activity sevenfold, a lev- 
el comparable to the amount of enhance- 
ment obtained for mouse PCP (1 1). The 
same activity assay was also used to study 
inhibition properties o f  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 (1 1 , 12), a prop- 
erty utilized for purification of mouse PCP 
wi th COOH-propeptide-Sepharose chro- 
matography (1 1, 12). Purification of PCP is 
improved by chromatography o n  lysyl- 
Sepharose before binding to COOH- 
propeptide-Sepharose (1 1 ). When condi- 
tioned media from insect cells expressing 
rBMP-1 were subjected to sequential chro- 
matography o n  lysyl- (Fig. 2A) and COOH- 
propeptide-Sepharose (Fig. 2B), rBMP-1 
bound and eluted from these resins wi th a 
profile similar to that observed for PCP 
(21). Moreover, the chromatography yield- 
ed an rBMP-1 preparation wi th only two 
protein bands detected by SDS-PAGE and 

Fig. 2. rBMP-1 binds lysyl- and C-propeptide- 
Sepharose. (A) Lysyl-Sepharose chromatography 
of rBMP-1. Concentrated conditioned media from 

Fig. 3. (A) When immuno- A 
blotted, rBMP-1 and PCP ,1 2 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 2 3 4 
virus (25 PI; concentrated - 
50-fold); 2, conditioned me- - 
dia from insect cells infected -m 
with recombinant virus (25 
PI; concentrated 50-fold; 
-0.6 units); 3, purified PCP , nnrsap 

(-0.25 units). All samples f1, AATSRP 

were reduced with 2-mer- BHP ~111,-1,3 VESLGET 

captoethanol. 4 and 4, PCP fzl., VEXLGET 

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). f l  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 f l  
and f2, respectively. 

A 
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insect cells expressing rBMP-1 (-1 7 units/6 ml; 0.4 - 
equivalent to 32 ml of media) was chromato- 5 

- 2  
2 

graphed on lysyl-Sepharose as described for 
- 

1 -  r .- .- 
mouse PCP ( I  I). Arrow. initiation of elution with 0.1 co.2 - 

5 .- 
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. m, absorbance 
at 280 nm; (a), rBMP-1 activity. (B) COOH-propep- 
tide-Sepharose chromatography of rBMP-1. Frac- _B m l Z 3 4  
tions 55 to 62 from the lysyl-Sepharose column '" f 1 
were pooled, concentrated, and dialyzed against - 
buffer B. 1.1 ml(-1 3 units) was chromatographed % 1.2 - 
on COOH-propeptide-Sepharose as described 
(1 1). Arrow, initiation of elution with buffer B made 1 
M in guanidine hydrochloride and NaCl. Fractions 2 $0.8 

to 20 were directly assayed for rBMP-1 activity, 2 
whereas fractions 39 to 48 were dialyzed against 0.4 
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 0 
to 45 were pooled, concentrated to 1 ml, dialyzed 0 20 40 

against buffer A, and stored at -80%. (Inset) Elec- Fraction 

trophorogram showing progress of rBMP-1 purification. Lane 1, crude rBMP-1 (10 p,I of sample loaded 
on the lysyl-Sepharose column); 2, lysyl-Sepharose purified rBMP-1 (concentrated pooled fraction, 15 
PI); 3, COOH-propeptide-Sepharose purified rBMP-1 (concentrated pooled fraction, 25 PI); 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. 4 and 4, migration positions of PCP and rBMP-1, respectively. 



silver staining (Fig. 28 ,  inset). T h e  hand 
corrcsponillng to rRMP-1 migrated some- 
what ahead of mousc PCP (open and closed 
arrowheads, respectively) and was identi- 
fied by immunohlotting with RMP-1-spc- 
cific antibodies. SDS-PAGE mobility of 
thls protein was Identical to that of the only 
positive hand in immunohlots (22)  of the  
crude rBMP- 1 preparation, ~vhcreas the  
same hand was absent from colltrol lncdia of 
insect cclls infectcci with wild-type virus 
(Fig. 3 A ) .  Irnnlunoblotting also showed 
that lnouse PCP is recognized by BMP-1- 
specific alltibociies (Fig. 3 A ) ,  ciemonstrat- 
ing, in spite of the nlohility difference, the  
rclatciiness of the two proteins. N-glycosy- 
lated n~alnn~al ian proteins cxpresscii in bac- 
ulovin~s systems are generally smaller than 
native counterparts as a result of d~ffercnces 
111 N-glycosylation by Insect and mammali- 
an  cclls (23).  Removal of N-linked saccha- 
rides of mouse PCP and rBMP-1 wit11 pep- 
tide-N-glycosiclasc F (PNGasc F) (22) 
caused a p r o n o u n c d  increase in the mohll- 
ity of both, such that the two proteins 
nligratcd identically (Fig. 3B). 

T o  further establish the  rclatcdncss of 
PCP and BMP-1, we performed NH2-termi- 
rial alnino acid sequencing on two frag- 
ments, f l  and 12, generated from mouse 
PCP by VS protcase treatment (24).  T h e  
sci~uenccs-obtained (Fig. 3C)  both lie with- 
in the  p~~bl ishci i  amino acici sciluenccs of 
h~l lnan and mousc BMP-1 ( I , 25,  26) and 
correspond to resiil~lcs 1 to 6 ( f l )  and 137 to 
143 (12) of the metalloprotcasc domain. 
Consistent with V8 protease specificity of 
cleavage, position 136 in BIVIP-1 is a Glu. 
These results proviiic strong cvidcllcc that 
BMP-1 and PCP arc the  sanlc protein. T h e  
fl sequence corresponds precisely to the  
beginning of the  nletalloprotcasc iiomain, 
inxnediately downstreal11 of the dibasic pro- 
ccssillg motif RSRR ( 1  , 2,  25-27). It, thus, 
likely represents the NH2-terminus of ma- 
ture BMP-1, providing cspcrinlcntal cvi- 
dcncc that the  peptide bond following the  
RSRR sequence is the  site for cleavage of 
the proregion. 

Previous biochemical ( I )  and genetic 
(8)  evidence suggcstc~i that BMP-1ITLD- 
like proteases may affect ccll fate decisions 
through activation of TGF-P-like proteins. 
T h e  identification of BMP-1 as PCP does 
not precl~~i ie  the possibility that BMP-I/ 
PCP is a mul t i f~~nct ional  enzyme that also 
activates TGF-P-like proteins. Alternative- 
ly, because the  BMPl gene produces alter- 
natively spliced transcripts for BMP-1 and 
for a lo~lgcr protein, nlalnmallan tolloid 
(mTld) (25) ,  with a donlain stnlcturc iden- 
tical to that of Drosophila TLLI, these t ~ v o  
proteins may serve separate functions. Be- 
cause BMP-1 pcptidcs that copurify with 
TGF-P-like BMPs ( 1 )  are conllnon to both 
BMP-1 and mTld, it rcnlains to he deter- 

mined whether RMP-1, mTld, or both ac- 
tually Interact with TGF-p-like molecules. 
Some TGF-P-like nloleculcs can stilllulatc 
matrix production (28).  Thus, a product or 
products of the  RMPl gene may activate 
TGF-P-like molecules and t h c l ~  process in- 
duced procollagcns into insoluble matris, 
the  latter further influencing ccll fate deci- 
sions by altering cell-matrix interactions. 
T h e  parsimonious use of the BMPl gene for 
these dual roles would make it a key player in 
n~or~hogcllesis and ~vounii repair and in 

conditions involving fibrosis 
and scarring. 
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wlth the ABI 475A l q u d  phase proteln sequenator. 
Lysyl- and propept~de-Sepharose chromatography 
was as descrlbed (1 I )  Propept~de-Sepharose was 
equlibrated wlth buffer B [0.05 M Hepes. 0.15 M 
NaCl, 5 mM CaC12. and O.lO/o Brij 35. (pH 7 511, 
whereas ysyl-Sepliarose was equilbrated with buff- 
er B with 1 M NaC. rBMP-1 actvty was determined 
as descrbed ( I  I ) .  One unt of actvty 1s the amount 
of enzyme that cleaves 1 k g  of procolagen ~n 1 hour 
at 37°C 
For Flg. 3A, protens in the medla of Insect cells 
were concentrated by TCA precipitation (721 For 
Fg .  38 ,  a f fn ty -p~ l r i fed  rBMP-I and PCP were in- 
cubated (3 hours: 37'C) wlth PNGase F (New En- 
gland Bolabs; 140 ng) in buffer A contalnng SBTI 
(1 00 ~g/ lnl1,  benzatnidlne (1 0 mM), eupeptn  (1 0 
kg/tnl), SDS (0.1 %), and NP-40 (1 96) lmmunoblots 
were developed with gulnea p ~ g  antiserum to 
BMP-1 fuslon protein (1 :1000), with the ECL sys- 
tern (Atnersham) To prepare BMP-1 fusion protein. 
we subconed a 1040-bp Apa I-Hinc I cDNA frag- 
lnent Into expression vector pRSET B (lnv~trogen) 
and expressed ~t n BL21 (DE3) Escherich~a coli. 
The fuson proten, whlch ncudes  human BMP-I 
resdues 197 to 543 (7) fused to a poyhlstdlne 
domaln, was purlfed on nickel-Sepharose (nvltro- 
gen) followed by SDS-PAGE (7 1). Gel suspensions 
In phosphate-buffered sallne (7 1) contalning 15 
(first immunization), 7 5 (second and th rd  boosts), 
or 20 k g  of fuslon protein (fourth boost) were In- 
jected subcutaneously into a guinea p g  at 2-week 
intervals Sera were collected 10 days after the 
t h rd  and fourth immunizations 
D. L. Jarvls and M. D. Summers. In Recomb~nant 
DNA Vaccines: Rationale and Strategies. R. E. 
Isaacson, Ed. (Dekker, NewYork 1992), pp 265- 
291 
To generate mouse PCP peptides, enzyme (-8 kg) 
from 40 liters of 3T6 fibroblast condltoned media 
was purified as descrbed (7 7), concentrated by TCA 
pr-eclpltation (721, heat denatured in SDS-sample 
buffer [U. K Laemmi, Nature 227, 680 (1970)], and 
electrophoresed In a loo/& poyac~~lamlde gel. The 
gel region containing the enzyme band (-4 kg1 was 
applied to a 1 2O16 polyacryamde gel for fragmentaton 
wlth V8 protease (Slgma, 7.5 ng) and electrophoretic 
separaton of resulting peptides [D. W. Cleveland, S. 
G. Flsher, M. W. Kirschner, U. K. Laemmli, J. Biol. 
Chem. 252, 1 102 (1 977)l and electroblotting to PVDF 
[P J Matsudara, J. Biol. Chem 262. 10035 (1 98711 
Two major fragments w~ th  molecular masses of -20 
kD (f l )  and -40 kD (12) were subjected to NH2-terml- 
na  sequencing as in Fig. 1 D. 
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