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A comparison of the cDNA-derived amino acid sequences of human stromelysin and collagenase with the
N-terminal sequences of purified enzymes reveals that these metalloproteinases are highly conserved and that
they are secreted as proenzymes. A putative zinc-binding site was identified by its homology with the
zinc-chelating sequence of thermolysin. These sequences permitted the identification of: (1) transin, a
protein induced in rat fibroblasts either exposed to growth factors or transformed by oncogenic viruses, as
the rat homologue of stromelysin, and (2) XHF1, a protein induced in human fibroblasts after treatment with
tumourigenic agents, as collagenase.

INTRODUCTION

Human diploid fibroblasts in culture synthesize a
specific set of proteins when treated with tumourigenic
agents such as u.v. light, mitomycin c and phorbol esters
[1]. These induced proteins are also over-expressed in
cells from patients with Bloom's syndrome [1,2], a
condition predisposing to a high tumour incidence. One
of the proteins, XHF1, was shown to be an Mr 53000
secreted protein [3], but was not further identified.
Similarly, rat fibroblasts, either treated with epidermal
growth factor (EGF) or transformed by oncogenic
viruses, are induced to synthesize a novel mRNA [4]. The
nucleotide sequence ofthe cDNA coded for a polypeptide
of Mr 53000, transin [4,5]. Transin was recently shown
to have strong homology with the sequence of the
metalloproteinase collagenase, cloned from a human
skin fibroblast library [6].
There have been numerous independent reports of the

induction of the metalloproteinases collagenase and
stromelysin in connective tissue cells treated with agents
such as interleukin 1 (IL-1) and phorbol 12-myristate
13-acetate (PMA) [7,8]. These two enzymes are important
members of the connective tissue metalloproteinase
family and are thought to play a role in normal tissue
remodelling [9]. Increased metalloproteinase activity has
previously been shown to correlate with tumour
invasiveness and metastatic potential [10] and it was of
interest to establish whether these enzymes could be
induced by agents which stimulate cellular transforma-
tion. In this paper we use the N-terminal amino acid
sequences of human and rabbit collagenases and rabbit
stromelysin to identify cDNAs isolated from human
fibroblasts stimulated with these agents as coding for the
metalloproteinases.

METHODS
Enzyme purification and sequencing

Rabbit fibroblast collagenase and stromelysin, acti-
vated with APMA, were purified from the culture media
of calvariae [11,12]. Human fibroblasts derived from
gingival explants (passage 3-6) were cultivated in
DMEM supplemented with 0.2% lactalbumin hydroly-
sate and 5% partially purified pig IL-1. After 48 h
conditioned media were collected and human collagenase
was purified essentially as described previously [11].
Collagenase had an Mr of 55000 and could be
maintained in a latent form in the presence of0.5 mM-zinc
acetate. On activation with APMA, or after storage at
4°C in the absence of Zn2+, lower Mr species were
obtained, the predominant size being 44000 and 28000.
Enzymes were reduced and carboxymethylated and
subjected to N-terminal sequencing by automated
Edman degradation on an Applied Biosystems gas-phase
sequenator. Activated human collagenase generated two
N-termini (Figs. ld and le) which were confirmed by
comparison with the predicted cDNA sequence.

Isolation of stromelysin cDNAs
A single 50-base oligonucleotide probe based on the

N-terminal amino-acids of activated rabbit stromelysin
and collagenase (Fig. 1) was designed to be theoretically
capable of hybridizing to cDNAs encoding either
enzyme [13,14]. It was assembled by the ligation of two
25-mers synthesized as previously described [15].

Rabbit fibroblasts from explants of normal synovium
were grown to confluence in DMEM supplemented with
10% fetal calf serum. After washing they were then
maintained in serum-free media for 48 h in the presence
of 50-200 ng of PMA/ml. mRNA was isolated [16] and

Abbreviations used: APMA, 4-aminophenylmercuric acetate; DMEM, Dulbecco's modified Eagles's medium; EGF, epidermal growth factor;
IL-1, interleukin 1; PMA, phorbol 12-myristate 13-acetate; SSC, 0.15 M-NaCl containing 15 mM-sodium citrate; TIMP, tissue inhibitor of
metalloproteinases.
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used to generate a cDNA library of 75000 recombinant
plaques in Agt 10 [17,18] which was screened with the
oligonucleotide probe under previously described condi-
tions except that the highest stringency wash was in
1 x SSC [19]. A single clone was isolated which on
sequencing [20,21] was found to lack a poly(A) tract but
did possess an open reading frame encoding 170 amino
acids. Residues 101-127 were identical with the N-
terminal amino acid sequence of rabbit stromelysin
(Figs. lb and 2). It was therefore labelled by the random
hexanucleotide method and used to screen for a human
stromelysin cDNA [22].
Human gingival fibroblasts were cultivated as described

above in the presence of IL-1. After 48 h mRNA was
isolated, used to generate a library of 200000 recombi-
nant plaques in Agt 10 and screened with the rabbit
cDNA probe, essentially as described above. cDNA
inserts from positively hybridizing plaques were subjected
to restriction mapping and a complete nucleotide
sequence was compiled from related overlapping DNA
segnents [20,21,23]. This sequence has been recorded at
the EMBL data library.

Isolation of a human coliagenase cDNA
XHFI is a protein secreted from human fibroblasts

after exposure to PMA [1,24], and the isolation of
several partial cDNAs corresponding to its mRNA has
been previously described [3]. For the present study clone
K4 cDNA was nick-translated and used to screen a
second library generated in pSP64 [25] by the method of
Heidecker & Messing [26] from mRNA isolated from
primary human fibroblasts after 6 h treatment with PMA
at 20 ng/ml. Restriction mapping demonstrated that
eight clones had an identical insert and the complete
nucleotide sequence of one clone was determined as
described above. Examination of the cDNA revealed an
open reading frame with residues encoded by nucleotides

124-180 (Fig. 2) being identical with the N-terminal
amino acids of latent human collagenase (Fig. la). This
sequence has been recorded at the EMBL data library.

RESULTS AND DISCUSSION

A comparison of the N-terminal amino acid sequence
of the APMA-activated form of rabit stromelysin with
collagenease reveals that they are highly conserved (Figs.
lb and lc). This facilitated the design of a probe which
was used to isolate a partial rabbit stromelysin cDNA
which was sequenced and identified by using the amino
acid sequence data. The rabbit cDNA was subsequently
used to isolate the corresponding human stromelysin
cDNA. It is 1804 nucleotides in length and appears to be
complete at the 3' end because it has a poly(A) tail
preceded by the polyadenylation signal AATAAA [27].
It contains an open reading frame (nucleotides 45-1475)
which translates into a polypeptide of 477 amino acids of
predicted Mr 53916. Evidence that this amino acid
sequence represents the primary sequence of human
stromelysin comes from the finding that most of the
amino acids predicted from the partial rabbit stromelysin
cDNA are identical and are found in a similar position
(Fig. 2).

Fig. 2 also demonstrates that there is 75% overall
homology between rabbit stromelysin, human stromelysin
and another amino acid sequence predicted from a rat
cDNA, referred to as transin [4,6]. This cDNA
corresponds to a mRNA which is enriched in normal
fibroblasts after infection with either polyoma virus or
Rous sarcoma virus or transfection with either the
middle T oncogene or the cellular oncogene H-ras. The
same mRNA was also reported to be specifically induced
after exposure of fibroblasts to EGF [4]. The predicted
Mr of the rat protein encoded by pTRI is approx. 53 000,
in close agreement with the human enzyme and the in
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Fig. 1. N-Terminal amino acid sequence of latent human collagenase (a), rabbit APMA-activated stromelysin (b) and rabbit
APMA-activated coliagenase (c)

The rabbit sequences are compared with the main (54% yield) N-terminal sequence obtained with the APMA-activated human
collagenase (d). The less abundant (46% yield) human sequence present in this preparation is also shown (e). The
oligonucleotide probe based on the rabbit sequences is shown between (b) and (c). The numbers refer to the position of these
amino acids in the cDNA-predicted sequences shown in Fig. 2.
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Fig. 2. Comparison of the predicted amino-acid sequences of
human stromelysin (c) and human coliagenase (d)

Those amino acids in rat stromelysin (b) and the N-terminal
half of rabbit stromelysin (a) which differ from human
stromelysin (c) are also shown. The triangle denotes the
signal peptidase cleavage site generating the N-terminus of
human procollagenase. Arrows indicate the cleavage which
occurs on activation of human collagenase and rabbit
stromelysin in the presence of APMA. The amino acid
sequences thought to be involved in co-ordinating the zinc
atom at the active site and corresponding sequences in
thermolysin (e) [29] and Serratia metalloproteinase (f) [30]
are boxed. Potential glycosylation sites (underlined) and
the conserved cysteine residues in the proenzymes
(asterisk) are also shown. The collagenase sequence is
identical with that reported by Goldberg et al. [6] except
for positions 115 (T), 200 (H), 208 (T) and 410 (G): in three
positions (115, 208, 410) our designations in collagenase
are identical with those in stromelysin.

vitro translation product of rabbit stromelysin mRNA
[28, and results not shown]. We conclude, therefore, that
the protein encoded by pTRI is rat stromelysin.
The latent form of human collagenase was purified

from the culture supernatants of IL-1-stimulated human
gingival fibroblasts, and subjected to N-terminal amino
acid sequencing (Fig. la). This sequence information
allowed us to identify a cDNA, which corresponds to a
mRNA whose abundance is increased in primary human
fibroblasts after exposure to either IL-1, PMA, u.v. light
or mitomycin c [3,24] as coding for human collagenase.
Examination of the cDNA reveals an open reading frame

encoding a protein of 469 amino acids (calculated Mr
53828), with residues 20-38 being identical with the
N-terminal amino acids of latent human collagenase
(Fig. la and 2).
Alignment of the amino acid sequences of human

stromelysin and human collagenase reveals that they are
highly homologous (55%; Fig. 2). Conserved features
included the two cysteine residues found in the active
form of these enzymes (see below) and one in the
propeptide as well as one of the two potential
glycosylation sites found in collagenase. Hydrophobicity
plots suggest that these proteins are all water-soluble,
except for a hydrophobic N-terminal sequence. Confirma-
tion that this represents a signal sequence, which is
cleaved off after the serine at position 19 in collagenase,
comes from the finding that the N-terminal amino acid
of latent collagenase can be found immediately down-
stream from this residue (Fig. la). In human, rabbit and
rat stromelysin there are analogous signal peptidase
cleavage sites but these have not been confirmed by
N-terminal amino acid sequencing of the latent enzymes.

All attempts at sequencing the APMA-activated form
ofhuman collagenase gave rise to mixed N-termini which
could only be confirmed by comparison with the amino
acid sequence predicted from the cDNA. A major
sequence present in these mixtures (Fig. ld) was,
however, found to share significant homology with the
N-terminal sequences of both activated rabbit collagen-
ase and stromelysin (Figs. lb and lc). As shown in Fig.
2, this sequence is found immediately downstream from
a conserved sequence of eight residues (90-97 in human
stromelysin). We confirm therefore that the enzymes are
all secreted as proenzymes as previously reported [7] and
conclude that the amino acids found between the
putative signal sequence and the phenylalanine at the
N-termini of the APMA-activated form of these enzymes
(position 100 in human stromelysin and collagenase) are
cleaved off during activation. These data are essentially
in agreement with the observations of Goldberg et al. [6]
on the sequence of human collagenase, although they
were unable to sequence the latent form of the enzyme
and the trypsin-activated form started at position 101. A
second N-terminus in activated human collagenase
preparations is found at residues 270-292 in the
complete sequence (Figs. le and 2). The occurrence of
lower Mr forms with N-termini which can be identified
within the predicted amino acid sequence suggests that
after APMA treatment, or storage of the enzyme at 4 °C,
some degree of self-cleavage occurs. Whether self-
cleavage of the proenzyme is an important activation
mechanism in vivo in normal tissue remains to be
confirmed.

Another conserved region (residues 215-226 in human
stromelysin) has significant homology with part of the
zinc-chelating region of the bacterial metalloproteinase
thermolysin [29] and a similar sequence is found in
Serratia metalloproteinase [30]. It therefore seems likely
that the conserved histidine residues (218 and 222)
participate in binding the zinc atom known to be at the
active site of all metalloproteinase studied in any detail.

Metalloproteinases have previously been shown to be
induced in connective tissue cells by either IL-1 or
tumour promoters such as PMA. [7,8]. Our new data
show that the stimulated transcription of mRNAs for
metalloproteinases is a common feature in fibroblasts
either transformed with oncogenes or exposed to EGF.

Vol. 240

915



916 S. E. Whitham and others

Plasminogen activator [31] and a lysosomal protein [32]
are also known to be induced after transformation. The
production of metalloproteinases by cells exposed to
such a wide variety of stimuli is indicative of their
importance in the development of the invasive potential
of transformed cells [33]. In normal tissues the
production and activity of metalloproteinases are tightly
regulated [7,34] but in connective tissue disorders the
regulatory mechanisms appear to be altered. The levels
of the naturally occurring tissue inhibitor of metallopro-
teinases, TIMP [35,19], which can block the destruction
of type I collagen [36] and the invasion of amnion
membrane by tumour cells in model systems [37], may be
a significant controlling factor. The structural informa-
tion on the family of metalloproteinases presented in this
paper, together with an understanding oftheir interaction
with TIMP, should aid in the design of drugs which can
block metalloproteinase activity and therefore be of
therapeutic value.
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