Proc. Indian Acad. Sci. (Chem. Sci.), Vol. I 11, No. 1, February 1999, pp. 197-205

© Indian Academy of Sciences

Procollagen C-proteinase and its enhancer protein as regulators
of collagen fibril formation and matrix deposition
E F R A T KESSLER
The Maurice and Gabriela Goldschleger Eye Research Institute, Tel-Aviv
University Sackler Faculty of Medicine, Sheba Medical Center,
Tel-Hashomer 52621, Israel
e-mail: ekessler @post.tau.ac.il
Abstract. Procollagen C-proteinase (PCP) and its enhancer protein (PCPE) are key
to collagen fibril-assembly and extracellular matrix formation. PCP cleaves the
carboxyl-propeptides of procollagens types I, II, and III and this initiates the selfassembly of collagen fibrils. PCP can also process pro-lysyl oxidase and laminin 5,
and it may cleave the type V procollagen N-propeptides. Procollagen processing by
PCP is stimulated by PCPE, a glycoprotein that binds to the C-propeptide of type I
procollagen through its N-terminal CUB domains. PCPE is also required for normal
cell growth and morphology. Two distinct forms of PCP were isolated from mouse
and chick sources. These were recently identified as alternatively spliced products of
the gene coding for bone morphogenetic protein-1 (BMP-1), a member of a family of
Zn-dependent astacin-like metalloendopeptidases implicated in tissue patterning and
development. Typically, these are multidomain proteases that, in addition to their
catalytic domain, contain a number of EGF-like and CUB protein-protein interaction
domains. Recent evidence suggests that PCP/BMP-1 related proteases can activate
TGF-fl-like growth factors. There is also evidence for additional altematively spliced
PCP variants. Thus, PCPs may have important biological functions in addition to their
role in collagen fibril assembly.
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1. I n t r o d u c t i o n
Fibrillar collagens are major components of the extracellular matrix of most connective
tissues where they occur as insoluble fibrils with a characteristic axial periodic structure.
The fibrils provide the biomechanical scaffold for cell attachment and anchorage of
macromolecules, thereby defining and maintaining the shapes and functions of tissues.
Type I collagen is most abundant in tendons, ligament, skin, and bone. It is also
synthesized in response to injury. Excessive deposition of collagen I occurs in fibrotic
disease, and this impairs the normal function of the affected tissue. Type II collagen is
found in cartilage and vitreous humor. Type III collagen is abundant in the walls of
hollow organs such as arteries, lungs, and intestines, and usually occurs in the same fibril
with type I collagen. The minor fibrillar collagen types V and XI are incorporated into the
fibrils of collagen types I and II, respectively, and act as regulators of the sizes and shapes
of the resultant heterotypic fibrils i-4
Fibril-forming collagens are synthesized as soluble precursors, procollagens, in which
the central triple-helical, fibril-forming domain is flanked by amino and carboxyl
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propeptide domains (figure 1). Proteolytic removal of the propeptides by specific N- and
C-proteinases is essential for the formation of the mature collagen monomer that
spontaneously self-assembles into fibrils. In particular, failure to remove the Cpropeptides of procollagen seems incompatible with fibrillogenesis. Cleavage of the
carboxyl propeptides lowers the solubility of procollagen at least 10,000-fold and initiates
the self-assembly of fibrils 4,5. Thus, among the enzymes involved in collagen deposition,
procollagen C-proteinase plays a key role.
The first evidence for the existence of a specific procollagen C-proteinase was
obtained about 25 years ago from studies with cultures of human and mouse fibroblasts 6,7.
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Figure 1. Extracellular events in the biosynthesis of fibrillar collagens: type I
collagen as an example. Procollagen type I consists of two pro al(I) and one pro
a2(I) chains (open and solid forms respectively) in which the central triple helical
domain (about 300 nm in length; rod-like) is flanked by a trimeric N-propeptide and a
larger trimeric globular C-propeptide (represented as triads of small and large circles,
respectively). After secretion, the propeptides are removed by specific procollagen
N- and C-proteinases, to form the collagen monomer that spontaneously selfassembles into fibrils. The fibrils are stabilized by covalent cross-linking, initiated by
oxidative deamination of specific lysine and hydroxylysine residues in collagen by
lysyl oxidase. Procollagens II and III have similar structures and undergo the same
extracellular modifications but, in contrast to type I procollagen, each consists of
three identical polypeptide chains, pro a 1(II) and pro a 1(III).
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Similar activity was documented in cultures of chick embryo calvaria 8.9, chick tendon
fibroblasts lO-lZ, chick embryo chondrocytes 13, and in extracts of chick calvaria 14. Names
used for the enzyme during these early years included procollagen C-peptidase, carboxylprocollagen peptidase, and carboxy-terminal procollagen peptidase, but the name
procollagen C-proteinase (PCP) was subsequently adopted. Initial attempts to isolate the
C-proteinase were hampered by the low levels of PCP and the presence of non-specific
proteases in all sources which produced conflicting results with regard to the nature of the
physiologically relevant enzyme. Isolation of a specific PCP was not achieved until 1985,
when Hojima et a115 reported the purification and characterization of a C-proteinase
present in media of cultured chick embryo tendons. Later, we isolated a C-proteinase from
culture media of mouse fibroblasts that, with the exception of its smaller size, displayed
the same properties as those of the chick enzyme 16,17. Our studies have led to the
discovery of the procollagen C-proteinase enhancer (PCPE), a glycoprotein that binds to
the C-propeptide of procollagen type I and enhances procollagen processing by PCP
dramatically 17,18. PCPE apparently, is another key player in C-terminal processing of
procollagen. In collaboration with Dr Greenspan, we then identified the genes for both
PCPE 19 and PCP 2°. These studies revealed partial structural homology between PCP and
PCPE and culminated in the unexpected finding that PCP is identical to bone
morphogenetic protein-1 (BMP-1) z°, the prototype of a family of proteases implicated in
developmental processes and morphogenesis. For the first time, a direct link between an
enzyme involved in matrix deposition and genes involved in pattern formation was
established. Soon it was recognized that multiple variants of BMP-1 exist 21-23 and can
process a number of other matrix proteins 24'25. PCP has emerged as a potentially
multifunctional protease that may play important roles in development and cell signaling
in addition to its role in the assembly of collagen fibrils.

2. Procollagen C-proteinase
2.1 Properties and specificity
The molecular masses of the PCPs that were isolated from the culture media of mouse and
chick fibroblasts are 80 and l l0kDa respectively 15'17. It is now known that these
represent distinct products of the same gene, referred to as BMP-1 and mTld or pCP1 and
pCP2 21'22'26 respectively. Both are' secreted N-glycosylated Zn-dependent metalloproteases that require calcium for activity. The optimal pH of both PCPs is 8-6 and both
cleave the carboxyl propeptides of procollagens I, II, and III as well as those of the
respective pC-collagens (procollagen processing intermediates containing the C- but not
the N-propeptides). The cleavage site in the pro- (or pC) a 1(I), a2(I), and ct 1(II) chains is
an Ala-Asp bond at the C-tetopeptide/C-propeptide junctions in these chains 15,16. The
human and chick pro al(III) chains are cleaved at the respective Gly-Asp and Arg-Asp
bonds. Substitution of the Asp at position PI' in pro a2(I) blocks cleavage27but denatured
procollagen is processed. PCP does not cleave Ala-Asp or Gly-Asp bonds that occur in
the triple helical domain of procollagen but, as was shown for the chick enzyme, it
cleaves the Gly-Asp bond at the presumed processing site of prolysyl oxidase 24. The y2
chain of laminin 5 is cleaved by human BMP- 1 at a Gly-Asp bond 2s. Thus, PCP activity
is not restricted to folded procollagen trimers and seems to depend on Asp at the PI'
position. An exception to this latter rule is the recent demonstration that BMP-1 processes
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the N- (but not the C-) propeptide of pro-al(V) at a site which lacks the otherwise
invariant aspartate at the PI' position 18.
PCP activity towards procollagen type I is stimulated in the presence of PCPE 17.18,29or
when procollagen is aggregated with dextran sulfate or polyethylene glycol 30. Inhibitors
of the enzyme include chelators such as EDTA, EGTA, and 1,10-phenanthroline, basic
amino acids (e.g., arginine), dithiothreitol, N-ethylmaleimide, concanavalin-A, and a2macroglobulin 15,16. CdC12, ZnC12, and CuC12 are also inhibitory15'31.Peptides which mimic
the sequences around the cleavage site in proal(I) and pro-lysyl oxidase are weak
inhibitors 14,24. Natural PCP inhibitors may control PCP activity in the extracellular
matrix 15but these remain to be identified.

2.2 Structure
PCP/BMP-1 belongs to the astacin family of metalloendopeptidases, classified as family
M12, clan MB of metalloproteases 32-34. Analyses in several laboratories of cDNAs for
PCP indicated that up to six alternatively spliced protein products may exist 21-23.
However, to date, only two of these have been isolated or expressed from the respective
cDNAs. These are the short variant that is identical to BMP-1 17.20.21,35and the longer one,
mTld, has a domain structure identical to that of Drosophila tolloid 15,21,22,36In common
with other family members, the PCPs are synthesized as preproenzymes in which the
propeptide is followed by an N-terminal astacin-like zinc metalloproteinase domain that is
about 200 amino acid residues long (figure 2). With the exception of astacin, all family
members contain additional domains downstream of the protease domain. In BMP-1, the
protease domain is followed by two CUB 37 domains, an EGF-like domain, and a third
CUB domain. In mTld, the third CUB domain is followed by another EGF-like domain
and two additional CUB domains. Both, BMP-1 and mTld, also have short nonhomologous sequences at their C-terminus 22. The CUB domains are implicated in
protein-protein interactions and are so called because they were first identified in the
Complement components Clr/Cls, sea urchin protein Uegf, and Bone morphogenetic
protein-137. Each CUB domain comprises about 1 t0 residues and 4 conserved cysteine
residues whereas the EGF-like domains are ~ 40 residues long, each containing
6 conserved cysteine residues. The cysteine residues presumably form intra-domain
disulfide bonds. The catalytic domain contains an 18-residue signature zinc-binding
sequence, I-IEXXHXXGFXHEXXRXDR, and another conserved sequence, SXMHY,
that forms a critical 'methionine turn', beneath the active site metal. This places the PCPs
in the 'metzincins' family of Zn-metalloendopeptidases that also includes mammalian
collagenase and the other MMPs 38. BMP-1 and mTld contain 5 conserved
N-glycosylation sites and both appear to be heavily glycosylated20'39. The sequences of
mature human and mouse BMP-1 and mTld are 98% identical but those of the prepro
regions show only 50% identity. A conserved RSRR sequence at the junction between the
pro region and the protease domain suggests intracellular processing by a dibasic
peptidase 40.

2.3 Regulation
Little is known about the regulation of PCP expression. Recent studies suggested however
that BMP-1 expression may be coordinately regulated with that of collagen type I. The
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Figure 2. Domain structure of PCPE, BMP-1 and mTld in comparison to other astacin family
members. S, signal peptide; Pro, propeptide domain; E, EGF-like domain; C, CUB domain; S/T,
serine/threonine-rich domain; blank boxes, non-homologous regions; hu, human; Su, sea urchin;
DrTlr-1, Drosophila tolloid-related-I 57 ; BP10 58 and SpAN 59 , blastula-restricted proteases of sea
urchin. The structures of astacin and SuBMP-1 are from Titani et al 6° and Hwang et al ~1
respectively.
addition of TGF-fl to cultures of fibrogenic cells (MG63) or keratinocytes was found to
increase the levels of BMP-1 and mTld mRNAs up to seven-fold, in parallel to the
increase in collagen a l ( I ) mRNA. This stimulatory effect was better pronounced in the
presence of ascorbic acid and the increase in mRNA levels was mirrored by elevated
levels of BMP-1 and mTld proteins in the media as well as increased procollagen
processing 39. Similar effects were documented in cultured dermal fibroblasts. In this cell
system, exposure to TGF-fl or serum, as well as application of mechanical load, increased
the levels of BMP-1/mTld and a l(I) mRNAs. Procollagen synthesis and processing into
insoluble collagen fibrils were als.o increased 4I. The significance of these initial
observations may be beyond a simple direct correlation between procollagen and PCP
expression. TGF-fl stimulates the biosynthesis of numerous structural matrix proteins 42. It
also up-regulates lysyl oxidase expression 43. Since BMP-I was initially isolated in a
complex with other BMPs that are members of the TGF-fl superfamily and presumed to
have the capacity to induce bone formation, it was hypothesized that the bone-inducing
activity of BMP-1 may result from its ability to proteolytically activate latent forms of
TGF-fl-like BMPs 35. If PCP/BMP-1 can indeed act as an activator of TGF-fl, an
important regulatory loop may be envisaged, in which PCPs activate TGF-fl and are then
induced by TGF-fl, to facilitate matrix deposition through procollagen processing activity,
lysyl oxidase activation, and biosynthetic processing of laminin 5.
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3. Procollagen C-proteinase enhancer (PCPE)
3.1 Properties
PCPE is a 55-kDa glycoprotein, originally discovered in my laboratory by virtue of its
ability to stimulate procollagen processing by PCP 17.18. PCPE binds to the C-propeptide
of procollagen type I and while it lacks proteolytic activity of its own, it increases the
procollagen processing activity of PCP at least 10-fold with no effect on procollagen
N-proteinase activity ~7,29.PCPE enhances the activity of both, the mouse and chick PCPs
(BMP-1 and mTld respectively), suggesting that the additional domains in mTld are not
essential for PCPE function. In the medium of cultured mouse fibroblasts, PCPE is far
more abundant than PCP and is present in both full length (55 kDa) and short (34- and
36-kDa) proteolytic fragments which retain PCP enhancing activity as well as the ability
to bind to the C-propeptide. Binding does not seem to induce aggregation of procollagen
and when the amount of PCP is adjusted so that the rate of C-terminal processing remains
constant, PCPE has no effect on the assembly of collagen or pN collagen in vitro
following C-terminal processing of the corresponding precursors 29. PCPE appears to
affect both the Km and Vma~of the PCP reaction on procollagen 18. It is conceivable that
PCPE interaction with the C-propeptide may induce a conformational change in
procollagen that renders it a fitter substrate for cleavage by PCP.

3.2 Structure
In collaboration with Dr Greenspan, we have isolated and sequenced the full length
cDNA's for the mouse and human enhancer proteins 19 and, more recently, the nucleotide
sequence of the rat enhancer gene has been elucidated 44'45. The deduced amino acid
sequences of the mouse and rat PCPEs are almost identical and highly homologous to that
of the human protein. Each contains a putative signal peptide, two N-terminal repeats of
the CUB domain, and a non-homologous C-terminal domain (figure 2). Two conserved
N-glycosylation sites are located at the extreme ends of the 55-kDa protein. The 36- and
34-kDa forms of PCPE are derived from the N-terminal portion of the intact 55-kDa
protein, and are composed almost exclusively of the two CUB domains. PCPE binding to
the type I procollagen C-propeptide is mediated by the CUB domains. This is the most
conserved region between the rodent and human enhancer proteins. Immediately
downstream of the CUB domains in the 55 kDa protein is the least conserved region
between the mouse/rat and human proteins. This short region is probably a linker that
connects the more highly conserved upstream and downstream domains, in which
proteolytic cleavages may occur to produce the 34- and 36-kDa PCPE fragments. Two
consensus sequences for RNA binding were noted within the C-terminal domain of PCPE
and these are presumed to be involved in the stabilization of mRNAs, recently observed
in cultured liver stellate cells 44,46.

3.3 Expression and effect on cell growth
PCPE is abundant in connective tissties rich in collagen type I (e.g., tendon, skin, bone)
but is undetectable in brain and liver 19,44,47. PCPE is expressed however in the fibrotic
liver of rats treated with CC1444. The expression of PCPE mRNA in cultured liver stellate
cells derived from a rat CC14-induced cirrhotic liver is up-regulated by TGF-fl and downregulated by tumor necrosis factor a (TNF-a), in parallel to changes in the levels of a 1(I)
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procollagen mRNA 44 Similarly, the addition of TGF-fl to cultured dermal fibroblasts upregulates PCPE expression but (in contrast to PCP/BMP-1) no further increase in PCPE
mRNA is seen in these cells in response to mechanical load 41. In cultured fibrogenic cell
lines (e.g. MG63), the addition of TGF-fl had no effect on PCPE expression 39. It is
possible that other factors are involved in regulation of PCPE that have masked the
stimulatory potential of TGF-fl in these cultures. Correlation of PCPE expression with
that of collagen, observed in vivo with respect to normal tissue distribution and induction
in the fibrotic liver, along with the coordinated up-regulation of both proteins in response
to growth factors in vitro, highlight the importance of PCPE in regulation of collagen
deposition.
PCPE expression seems to affect cell growth properties. Rat fibroblasts expressing
decreased amounts of PCPE as a result of retroviral vector integration into the PCPE gene
display a phenotype similar to that of malignantly transformed cells. They lose contact
inhibition, show altered morphology, and can grow in an anchorage-independent
manner 45. The normal phenotype is restored upon transfection of the mutant cells with a
PCPE expression plasmid. The mechanism by which PCPE affects cellular growth is
unclear. Decreased type I collagen synthesis is known to be associated with malignant
cellular transformation 48 and restoration of collagen synthesis can suppress the malignant
phenotype 49. It is possible that PCPE alters cellular morphology and growth properties
through its stimulation of PCP/BMP-1 activity, which facilitates normal extracellular
matrix formation required for normal cell growth and morphology.

4. Concluding remarks
The importance of PCP in regulation of collagen deposition has recently been highlighted
by the defects seen in mouse embryos lacking the BMP-1 gene 5°. However, the
phenotype of these BMP-1 null mice was not as dramatic as was expected for a complete
lack of C-terminal procollagen processing. It is therefore likely that other proteases may
compensate for PCP in its absence. The most likely candidate is the product of the
mammalian Tolloid-like (Tll) gene that shares 76% identity in amino acid sequence with
that of mTld 51. However, the question of whether or not Tll has PCP activity remains
open. Other enzymes that may substitute for PCP are cathepsin D that can cleave the
C-propeptides of procollagen at a slightly acidic pH in cultured fibroblasts 52 and a cellassociated protease (telopeptidase) that apparently can process the C-propeptide at a
nearby site located within the C-telopeptide 27. It is unclear whether cleavages by these
non-specific proteases produce fully functional collagen monomers. More intriguing is the
unexpected finding that PCP is related to proteases involved in patterning. It has been
shown that the rate of C-terminal procollagen processing by PCP has a marked effect on
the morphology of collagen fibrils assembled de novo from pC-collagen 53. The question
arises of whether collagen fibril assembly is directly involved in gene regulation, cytokine
induction, and cell-signaling events that are major factors in tissue patterning, or, perhaps,
PCP/BMP-1 can regulate developmental processes indirectly, by proteolytic activation of
latent growth factors. Given the fact that many growth factors, in particular, members of
the TGF-fl superfamily, are ECM-associated, this latter possibility is most appealing and
there is now evidence to support such roles for BMP-1-related proteases. In Drosophila,
tolloid was recently shown to activate decapentaplegic (dpp), a functional analog of
BMP2/4 involved in dorso-ventral patterning, by cleaving SOG (short gastrulation), a
protein that forms an inhibitory complex with dpp. A gradient of active dpp is formed that
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directs dorso-ventral patterning 54. A similar mechanism was also demonstrated in
Xenopus 55 and zebrafish 56, where xolloid, a metalloproteinase related to PCP/BMP-1,
and the zebrafish tolloid, respectively, were shown to activate a BMP pathway by
cleaving chordin, an inhibitory protein homologous to SOG. Thus, PCPs are likely to
govern matrix deposition at several levels: through activation of TGF-fl-like molecules
they may stimulate matrix production, and then, facilitate matrix deposition by processing
precursors of various matrix molecules, including procollagens. The expression of a
particular PCP variant during development and adult life appears to be regulated at the
gene level 22. Cleavage by PCPs of a specific substrate in the matrix may be determined by
the unique combination of the CUB and EGF-like domains and availability in the vicinity
of a particular protein substrate (e.g., procollagen, laminin 5, lysyl oxidase) for interaction
and processing. Elucidating the determinants of PCP regulation and function is a major
objective of future research in this new and exciting area. Understanding the biological
role(s) of PCPE is yet another important goal. Current knowledge supports PCPE as a key
regulator of collage n fibril formation, but it may have additional functions. It is not known
whether PCPE interacts with other matrix components and whether it can modulate the
activity of PCP on substrates other than procollagen. Also intriguing is the mechanism by
which PCPE affects cell-growth properties and whether, as was recently suggested 46, it
also fulfils intracellular functions. Because PCP and PCPE are key regulators of collagen
deposition, understanding the molecular basis for their mutual interactions is of
importance for the development of new approaches to control excessive collagen
deposition in fibrotic disease and may provide a basis to evaluate pathogenesis of other
connective tissue diseases.
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