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Abstract: Procollagen C-proteinase (PCP) is essential for the cleavage of procollagen to collagen in the
extracellular matrix of animals and is, therefore, of major relevance to studies of ectopic deposition of
collagen during fibrosis. In this study, we describe the design and synthesis of acidic side chain hydroxam-
ate dipeptide inhibitors of PCP having IC50 values in the range 0.1–10 mM that mimic the location of aspartic
acid residues in the P1% and P2% positions (i.e. immediately C-terminal) of the PCP cleavage site in
procollagen. Assays of PCP using purified human type I procollagen (a natural substrate of PCP) showed
that the structure activity relationship of the inhibitors was improved with a glutamic acid mimic at the P1%
position. The results also showed that the presence of an acidic side chain at the P2% position was not
necessary for PCP inhibition. Marimastat and BB3103, which are highly effective inhibitors of matrix
metalloproteinases and ADAMS proteinases, respectively, did not inhibit PCP. Copyright © 2000 European
Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Procollagen C-proteinase (PCP) cleaves the C-
propeptides of fibrillar procollagens [1] to initiate
spontaneous self-assembly of collagen fibrils in the
extracellular matrix of animal tissues (for review see
[2]). The fibrils, that are the principal source of
tensile strength of tissues such as tendon, skin and
bone, can be millimetres in length. Consequently,
excessive or ectopic fibril assembly can have devas-
tating effects, as occurs after repeated injury or

insult when the injury becomes encapsulated with
fibrosis tissue. When this occurs in vital organs
such as the liver, fibrosis can lead to cirrhosis, often
with fatal consequences (for review see [3]). The
ability of PCP to cleave procollagen during the for-
mation of tough fibrous tissues and in the patho-
genesis of fibrosis relies on the enzyme cleaving the
C-propeptides of procollagen at specific glycine or
alanine–aspartic acid residues in the trimeric pro-
collagen molecule. The identification of inhibitors to
PCP would have value in studying the structure
activity relationship of PCP and in devising novel
strategies to combat fibrosis.

PCP activity is exhibited by bone morphogenetic
protein (BMP)-1, which is a zinc endopeptidase [4–
6] having a metalloproteinase domain homologous
to that of astacin [7]. It is a member of the metzincin
family of metalloproteinases that contain a common
signature, HExxH, which is involved in penta-coor-
dination of a zinc cation in the catalytic site. The
requirement of the active site zinc cation for
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catalytic activity has led to the development of hy-
droxamate inhibitors [8–10], which takes advantage
of the high affinity of the hydroxamate group for the
active site zinc cation. Inhibitor studies of matrix
metalloproteinases (MMPs) have shown that the
most effective compounds are peptidyl hydroxam-
ates that mimic the primed (right-hand) side of the
scissile bond in the substrate [11,12].

In this study, we show that the MMP inhibitors
marimastat and BB3103 are ineffective inhibitors of
PCP. We designed a new series of hydroxamate
dipeptide inhibitors based on the occurrence of as-
partic acid on the primed side of the cleavage site in
type I procollagen by PCP. Seven of these com-
pounds are reported here, the most effective of
which had an IC50 value of 0.1 mM against purified
human type I procollagen. The IC50 was the concen-
tration of inhibitor needed to inhibit PCP by 50%
during the time course of the assay.

EXPERIMENTAL PROCEDURES

Inhibitor Synthesis

4-Pentenoic and 5-hexenoic acids were converted to
their acid chlorides using thionyl chloride then the
acid chlorides condensed with the sodium salt of
the Evans auxiliary 4S-4-benzyloxazolidin-2-one.
C-Alkylation of each of the products with t-butyl
bromoacetate by deprotonation using sodium bis
(trimethylsilyl) amide then cleavage of the auxiliary
with aqueous lithium hydroxide and hydrogen per-
oxide gave 2-R-2-t-butyloxycarbonylmethylpent-4-
enoic and 2-R-2-t-butyloxycarbonylmethylhexenoic
acids, respectively. The alkene acids were converted
into 1,1,1-trichloroethyl esters by reaction with
1,1,1-trichloroethanol with 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC)
and 4-dimethylaminopyridine (DMAP). Oxidative
cleavage of the alkene groups using sodium perio-
date, in combination with ruthenium (III) chloride
was followed by formation of the benzyl esters of
the newly formed carboxylic acid groups using
benzyl bromide in the presence of potassium
carbonate.

Deprotection of the trichlorethyl esters proved
troublesome using zinc powder in aqueous acetic
acid until sonication was applied when efficient re-
moval was achieved. Coupling with Asp(OBzl)-
NHMe, again with the combination of EDC with
HOBt was followed by removal of the T Butyl ester
group using trifluoroacetic acid (TFA) giving 3-ben-

zyloxycarbonyl-2R-2-carboxymethylpropanoyl-Asp-
(OBzl)-NHMe and 4-benzyloxycarbonyl-2R-2- car-
boxymethylbutanoyl -Asp(OBzl)-NHMe, respec-
tively.

In each of these, the free carboxyl group was
converted into the hydroxamic acids function by
reaction with O-benzylhydroxylamine hydrochloride
in the presence of EDC, 1-hydroxybenzotriazole
(HOBt) and N-methylmorpholine followed by hy-
drogenolysis of all benzyl groups over Pd-C. All
compounds were fully characterized by 300 MHz 1H
nuclear magnetic resonance (NMR) spectroscopy
and high resolution mass spectrometry.

Purification and Assay of PCP from MG63 Cells

The same protocol which worked well to purify the
chick PCP from 17-day chick embryos [13] was also
used successfully to purify human PCP from the
culture medium of MG63 cells. Approximately 104

units of PCP were obtained from 7 l of culture
medium. The preparation had 400 units/ml of activ-
ity. Uniformly-labelled human 14C-L-type I procolla-
gen was purified as described [14]. In assays of PCP,
1 mg of purified human type I procollagen was incu-
bated with 50 Units of PCP in 50 mM Tris–HCl
buffer (pH 7.4) containing 0.12 M NaCl, 5 mM CaCl2
and 0.01% (w/v) Brij-35, at 37 °C. Proteins were
separated by discontinuous sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-
PAGE) under non-reducing conditions and
visualized by exposing dried gels to a phosphoim-
ager plate. Cleavage was measured as the percent
conversion of procollagen a (proa)-chains to pNcol-
lagen a (pNa)-chains. In inhibitor studies, the in-
hibitors were dissolved in dimethylsulphoxide
(DMSO) and used in assays of PCP at concentra-
tions ranging from 0 to 500 mM. The concentration
of DMSO in the assay did not exceed 1% (v/v).
Inhibitors were incubated with purified PCP at
37 °C for 0–15 min prior to the addition of type I
procollagen. The duration of pre-incubation of in-
hibitor with PCP did not appear to influence the
outcome of the assay.

RESULTS

Purification and Characterization of Human PCP

Initial studies showed that cultured human fibrob-
lasts, MRC5 lung fibroblasts, HT1080 fibrosarcoma
cells, C6B5 adrenal fibroblasts, and HOS osteo-
sarcoma cells secrete metalloproteinases with
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C-proteinase-like activities. The most abundant and
reliable sources of activity were MG63 and SaOS2

cells (Figure 1(A)). Incubation of purified human type
I procollagen with the conditioned culture medium of
these cells resulted in cleavage of the C-propeptides
byMG63medium,andboth the N- and C-propeptides
by SaOS2 medium. We wanted to avoid contamina-
tion of C-proteinase preparations with procollagen
N-proteinase (PNP), the enzyme that cleaves the
N-propeptides of procollagen. Thus, C-proteinase
was purified from the medium of cultured MG63 cells.
To characterize the human enzyme, purified human
and chick type I procollagens were incubated sepa-
rately with the purified C-proteinase and the reaction
products were examined on SDS-polyacrylamide gels
under reducing conditions. The cleaved C-propep-
tides were transferred to PVDF membrane and par-
tially sequenced, separately, at their N-termini. The
sequences corresponded precisely to the first ten

Figure 2 Marimastat and BB3103 do not inhibit PCP in

vitro. Human type I 14C-U-L-procollagen (12 mg/ml) was
incubated with purified PCP (50 Units/ml) or PNP (50
Units/ml) in 50 mM Tris–HCl buffer (pH 7.4 at 20°C)
containing 5 mM CaCl2, 0.12 M NaCl, 0.01% Brij-35 and
0.01% NaN3 at 37 °C for 30 min. Samples were examined
by SDS-PAGE under reducing conditions and the procolla-
gen cleavage products detected using a phosphorimager.
Top panel, marimastat was added to the assays at the
concentrations shown (mM). Pro control, procollagen incu-
bated in the absence of enzymes. Bottom panel, BB3103
was added to the assays at the concentrations shown (mM).
Pro control, procollagen incubated in the absence of en-
zymes.

Figure 1 Characterization of PCP from MG63 cells. (A) 1
mg of human type I procollagen was incubated with 100 ml
MG63 or SaOS2 conditioned medium at 37 °C for 8 h.
Lane 1, normal procollagen; Lane 2, procollagen incubated
with MG63 medium; Lane 3, procollagen incubated with
MG63 medium in the presence of 25 mM EDTA; Lane 4,
procollagen incubated with SaOS2 medium; Lane 5, pro-
collagen incubated with SaOS2 in the presence of 25 mM

EDTA; Lane 6, procollagen incubated at 37 °C alone. (B)
N-terminal amino acid sequences of cleaved C-propep-
tides. Purified human and chick type I procollagen was
incubated with purified MG63 PCP and the cleaved C-
propeptides were analysed by N-terminal sequencing. C1,
C-propeptides of proa1(I) chains. C2, C-propeptides of
proa2(I) chains. Hu, human; Ch, chick. The data show
that the enzyme cleaves at the expected site for a PCP.

residues of each the a1(I) and a2(I) C-propeptides
(Figure 1(B)). The purified human enzyme was similar
to the chick PCP in that it was inhibited 100% by 100
mM ethylenediamine-tetraacetic acid (EDTA), 100%
by 3 mM o-phenanthroline, 4% by phenylmethyl-
sulphonyl fluoride (PMSF) and was not inhibited by
soybean trypsin inhibitor or by N-ethylmaleimide.

Identification of a Consensus Cleavage Site in Fibrillar
Procollagens

Initial experiments showed that the hydroxamate
compounds marimastat and BB3103 (which are ef-
fective inhibitors of MMPs) were ineffective against
the human C-proteinase (Figure 2). Although the
results of these experiments were of no surprise to us,
they encouraged us to make hydroxamate com-
pounds that closely mimicked the cleavage site in
procollagen. Marimastat and BB3103 were weak
inhibitors of the PNP.
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We prepared a multiple sequence alignment of
cleavage sites in fibrillar procollagens cleaved by
PCP (Figure 3). The alignment shows an aspartic
acid in the P1% position in type I, II and III procolla-
gen, which is consistent with the known cleavage
site in these substrates, and either an aspartic acid,
glutamic acid or glutamine residue in the P2% posi-
tion. The alignment suggested that the consensus
cleavage site for PCP of procollagens is M/Y-R-A/G-
¡-D6 -D/E/Q-A/P, in which the aspartic acid in the P1%
position (underlined) is conserved.

Inhibition of PCP by Acidic Side Chain Dipeptide
Hydroxamic Acids

Figure 4 shows the compounds synthesized. The
numbered code is arbitrary. The compounds were
examined in assays of PCP, using purified human
14C-labelled type I procollagen as the substrate, and
the results examined by SDS-PAGE and quantita-
tive phosphorimaging (Table 1). A typical gel is
shown in Figure 5. One of the first compounds we

synthesized was the di-aspartic acid peptide, com-
pound 27, and a dipeptide glutamic acid-aspartic
acid (not shown). These compounds were not in-
hibitory at a concentration of 500 mM. However, the
hydroxamate derivative of di-aspartic acid (com-
pound 37) inhibited the PCP with an IC50 of 10 mM.
Clearly, the replacement of the N-terminal amino
group with a hydroxamate group greatly increased
the efficacy of the compound in inhibiting PCP. We
wanted to know the contribution of the –CH2–
group that linked the hydroxamate to the backbone
of the compound. We chose to synthesize com-
pound 28, in which the –CH2– that linked the
zinc-binding hydroxamate group to the compound
was replaced with –NH–. This compound was only
moderately effective at inhibiting PCP (having an
IC50 of 100 mM), presumably because the addition of
a nitrogen group decreased the efficacy of the hy-
droxamate group to bind to the catalytic zinc in the
active site of PCP.

These results indicated that the presence of a
hydroxamate group at the ‘left-hand end’ of the
molecule (the amino end) and the presence of an
aspartic acid residue in the P1% position, were a
good combination to produce an effective inhibitor
of PCP. In the next series of experiments, we tested
the relative contributions of the P1% and P2% posi-
tions to the efficacy of the compounds. To investi-
gate the importance of the P1% position, we
generated a daughter of compound 37 having a
glutamic acid side chain at the P1% position. This
compound, number 38, was a more potent inhibitor
of PCP with an IC50 of 0.1 mM. We tested the possi-
bility that compounds containing even larger side
chains at P1% might be better inhibitors of PCP.
Compound 49 had an IC50 of 1 mM and was interme-
diate in potency between compound 37 and com-
pound 38. This showed that the optimal mimic of
the side chain at P1% was glutamic acid. Using com-
pound 49 as a reference molecule, we synthesized
compound 58 in which the proton of the hydroxam-
ate group was made a methyl group. This com-
pound was not effective at inhibiting PCP at an
inhibitor concentration of 500 mM. Presumably, the
small size and precise electrophilic properties of the
hydroxamate group are essential determinates of
zinc binding.

In a final experiment, we examined the require-
ment of an acidic side chain at position P2%. The
resultant compound, number 53, contained an
alanyl group in place of an aspartic acid. This new
compound had an IC50 of 10 mM, showing that an
acidic side chain at P2% was not necessary for PCP
inhibitor activity.

Figure 3 Sequence alignment of fibrillar procollagens in
the telopeptide region. The initial alignment was per-
formed with Multalin using the BLOSUM62 matrix and
default parameters. It was then adjusted by hand to align
the putative cleavage sites. P3-P2-P1-P1%-P2%-P3% residues
are shown in bold face. HUMAN COL1A1, human type I
procollagen a1; MOUSE COL1A1, mouse type I procolla-
gen a1; CHICK COL1A1, chick type I procollagen a1;
HUMAN COL2A1, human type II procollagen a1; MOUSE
COL2A1, mouse type II procollagen a1; CHICK COL2A1,
chick type II procollagen a1; HUMAN COL3A1, human
type III procollagen a1; MOUSE COL3A1, mouse type III
procollagen a1; HUMAN COL1A2, human type I procolla-
gen a2; MOUSE COL1A2, mouse type I procollagen a2;
CHICK COL1A2, chick type I procollagen a2. In bold is the
aspartic acid in the P1% position of the cleavage site by
PCP.
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Figure 4 Chemical structures of the compounds synthesized.

DISCUSSION

Cleavage of the C-propeptides of procollagen by PCP
is both necessary and sufficient to initiate the self-
assembly of collagen fibrils in the extracellular ma-
trix of animal tissues. For this reason, PCP is a
prime target for anti-fibrotic research aimed at con-
trolling the excess and ectopic deposition of colla-
gen that occurs during a fibrotic injury response.
PCP is identical to BMP-1, which is part of an
extended family of metzincin proteinases that in-
cludes the MMPs. Extensive study has shown that
MMPs are inhibited by peptidomimetics that both
resemble the cleavage site of MMPs in the triple

Table 1

Compound number IC50 (mM)

[27] †

10−4[28]
10−5[37]

[38] 10−7

10−6[49]
10−5[53]
†[58]

† Does not inhibit cleavage of type I procollagen by PCP
when incubated for 3 h at 37 °C at 300 mM.
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been carried out using these compounds and have
been reviewed [15]. Marimastat has a similar in-
hibitory spectrum to batimastat but has the advan-
tage of being soluble in aqueous media. Studies in
our laboratory showed that marimastat does not
inhibit PCP. In general, right-hand side pepti-
domimetics are more effective than left-hand side
peptidomimetics in inhibiting zinc-containing en-
zymes and are widely represented in the literature.
A short peptide length is usually sufficient, mimick-
ing two or three residues of the natural substrate. If
the inhibitor mimics three residues the terminal, P3

1,
residue tends to be a simple amide and not an
amino acid residue.

The basic structure decided upon for PCP in-
hibitors was an aspartic acid-aspartic acid dipep-
tide with an N-methyl amide occupying the P3%
position as the amino terminal. The principal zinc-
binding functionality that was to be used was the
hydroxamic acid. In right-hand side inhibitors this
is attached to a modified amino acid residue where
the amine has been substituted by a methylene
group. There are other zinc-binding functionalities
which are attached to the same, modified, peptide
including carboxylic and phosphinic acids.

The hydroxamate compounds described here are
perhaps the first compounds designed to inhibit
PCP. Such inhibitors are a good starting point for
the development of pharmaceutical agents for
inhibiting excess deposition of collagen in the
treatment of fibrosis, and for investigating the
structure-function properties of PCP. The hydroxa-
mate selectivity profile of zinc proteinases does not
always directly correspond to their natural peptide
preference [16]. However, it is clear from crystal
structure studies of other metzincins, e.g. the
MMPs, that the way in which the hydroxamate
chelates to the zinc places the first amino acid in
the S1% pocket. Our studies are consistent with the
positioning of the acidic side chain hydroxamates
into the active site of PCP.
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procollagen (12 mg/ml) was incubated with purified PCP
(50 Units/ml) in 50 mM Tris-HCl buffer (pH 7.4 at 20 °C)
containing 5 mM CaCl2, 0.12 M NaCl, 0.01% Brij-35 and
0.01% NaN3 at 37 °C for 30 min. Samples were examined
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gen cleavage products detected using a phosphorimager.
PCP inhibitors were included in the assay at a concentra-
tion of 300 mM, as indicated with the code number above
the lanes. −E, procollagen incubated for the duration of
the experiment in the absence of PCP; +ve control, pro-
collagen incubated with PCP; DMSO, procollagen and PCP
incubated in the presence of 5% DMSO; EDTA, procolla-
gen and PCP incubated in the presence of 5 mM EDTA;
pro, procollagen prepared directly for SDS-PAGE.

helical domain of collagen and which contain a
zinc-binding domain that strongly binds the cata-
lytic zinc ion in the active site of the MMPs. The
most potent inhibitors are ‘right-hand side’ in-
hibitors that mimic the amino acid sequence imme-
diately carboxyl of the scissile bond and which have
a hydroxamate group as the zinc-binding domain.

In this study we have shown that PCP can be
inhibited by right-hand side hydroxamic acid pepti-
domimetics with aspartic acid residue mimics at the
P1% and P2% positions. Our initial targets for poten-
tial collagenase C-proteinase inhibitors were based
around compounds found to be effective at inhibit-
ing MMPs. These included the anti-cancer drugs
batimastat (BB-94) and marimastat (BB-2516)
which were developed by British Biotechnology to
combat tumour metastasis. Batimastat and mari-
mastat are broad-spectrum MMP inhibitors. Bati-
mastat is active against interstitial collagenase (IC50

3 nM), stromelysin-1 (IC50 20 nM), gelatinase-A (IC50

4 nM), gelatinase-B (IC50 4 nM) and matrilysin (IC50

6 nM). This is useful in anticancer treatment where
a range of MMPs can be involved and it can be
difficult to determine precisely which enzyme
should be targeted. A wide range of studies have
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