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ABSTRACT: This study describes 1 1 monoclonal antibodies (Mabs) against human fibroblast collagenase 
that (i) inhibit the specific catalytic activity of the enzyme and/or (ii) react with one or more forms of the 
enzyme on Western blots. Each of the Mabs specifically immunoprecipitated the MI 57 000/52 000 pro- 
collagenase from [35S]methionine-labeled culture medium. Five Mabs, designated VI-3, VI-4, 2C5, 4A2, 
and 7C2, inhibited the activity of fibroblast-type collagenase against soluble monomeric collagen and against 
reconstituted collagen fibrils but did not inhibit the genetically distinct human P M N  leukocyte collagenase. 
The interstitial collagenase produced by human mucosal keratinocytes (SCC-25) was also inhibited, whereas 
the corresponding enzyme from rat was not. Assignment of epitopes to structural domains within the molecule 
based on immunoperoxidase staining of Western blots of collagenase and its autocatalytic fragments revealed 
that 9 of 11 epitopes, including those recognized by 4 inhibitory Mabs, were clustered in a 169-residue domain, 
which constitutes the NH2-terminal part of the MI 46 OO0/42 000 active enzyme. One Mab (X-2a) specifically 
recognized the M, 57 000/52 000 zymogen species and failed to react with the active MI 46 000/42 000 form. 
The inhibitory Mab VI-3 was used for immunoaffinity purification of procollagenase from culture media 
with a recovery better than 80% and a yield of - 1.4 mg of enzyme/L of medium. 

F. ibroblast-type collagenase, a neutral secretory metallo- 
proteinase capable of cleaving interstitial types 1-111 collagens 
at a specific site in the helical domain, is expressed either 
constitutively or after TPA-induction by a number of different 
cell types including fibroblasts (Birkedal-Hansen et al., 1976, 
Aggeler et al., 1984), macrophages (Welgus et al., 1985, Wahl 
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et al., 1977), osteoblasts (Otsuka et al., 1984), and keratino- 
cytes (Lin et al., 1987). The enzyme is secreted as a major 
MI 52 000 unglycosylated and a minor M, 52 000 glycosylated 
form (Wilhelm et al., 1987). Both of these are inactive col- 
lagenase precursors that are subsequently converted to catalytic 
form by a poorly understood mechanism. Activation may be 
achieved either by preincubation with proteolytic enzymes such 
as trypsin (Stricklin et al., 1983), plasmin (Eekhout & Vaes, 
1977), and kallikrein (Nagase et al., 1982) or by exposure to 
dissociative agents such as KSCN (Abe & Nagai, 1972), NaI 
(Abe et al., 1973), and SDS (Birkedal-Hansen & Taylor, 
1982). Activation is often, but not necessarily, associated with 
loss of an 81-residue propeptide (Stricklin et al., 1977, 1983; 
Grant et al., 1987), which results in formation of a single-chain 
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M,  46 000/42 000 catalytic enzyme (Birkedal-Hansen & 
Taylor, 1982, Grant et al., 1987). Thus, M,  57000/52000 
collagenase may exist in active as well as latent form, whereas 
the MI 46 000/42 000 form is invariably active. In addition, 
tryptic and organomercurial activation of M ,  52 000 pro- 
collagenase gives rise to one or more ( M I  46 000, M, 44 000) 
short-lived intermediates (Grant et al., 1987). Each of these 
molecular species also form “spontaneously”, although slowly, 
during purification of the enzyme and during storage. We 
have observed yet another proteolytic cleavage of M ,  
57 000/52 000 procollagenase during storage that gives rise 
to an “,-terminal MI 33 000 fragment including the intact 
81-residue propeptide and a COOH-terminal M I  22 000 
fragment. Our data suggest that the same catalytic site is 
responsible for this internal (autocatalytic) cleavage of col- 
lagenase and for the cleavage of native triple-helical collagen 
(G. Fields, H. Van Wart, and H. Birkedal-Hansen, unpub- 
lished results). 

In this study we describe the reactivities of a complement 
of 1 1 monoclonal antibodies raised against human fibroblast 
M ,  57 000/52 000 procollagenase/collagenase. We have used 
the autocatalytic fragments of procollagenase to show that the 
epitopes are clustered in a 169-residue domain, which con- 
stitutes the NH2-terminal region of the M, 46 000/42 000 
activated enzyme. In addition, we have identified five anti- 
bodies that block the specific catalytic activity of the enzyme 
and one that reacts exclusively with the MI 57 000/52 000 
(zymogen) form. 

EXPERIMENTAL PROCEDURES 
Preparation of Procollagenase. Human fibroblast pro- 

collagenase was produced in Nunc cell factories maintained 
on alternating serum-free and serum-supplemented feeding 
regimens each of 6-8-days duration as previously described 
(Birkedal-Hansen et al., 1976). Procollagenase was purified 
by heparin-Sepharose, Zn2+-chelate-Sepharose, and molecular 
sieve (Ultrogel AcA 44) chromatography as described 
(Birkedal-Hansen, 1987). Collagenase protein concentration 
was determined spectrophotometrically at 280 nm, using a 
factor of = 12.3 determined by Lowry protein assay 
(Lowry et al., 1951). Collagenase isolated in this manner 
consisted of a characteristic M ,  57 000/52 000 double band 
(Figure 1). The enzyme was more than 95% latent and could 
be converted to catalytic form either by trypsin or by orga- 
nomercurials to yield a maximal activity of 900-1000 units/mg 
as determined by [3H]collagen fibril assay (Birkedal-Hansen 
& Dano, 1981), where one unit (U) of collagenase activity 
cleaved 1 pg of collagen fibrils/min at  35 OC. Collagenase 
prepared in this fashion was free from gelatinase, which failed 
to bind to the Zn2+-chelate column, from stromelysin, which 
emerged unabsorbed from the heparin-Sepharose column. M ,  
46 000/42 000 activated collagenase was prepared by prein- 
cubation with 1 mM 4-APMA for 90 min at 37 O C  or with 
20 pg/mL trypsin for 10 min at 22 OC. Crude PMN leukocyte 
collagenase was obtained from human peripheral PMN leu- 
kocytes purified by ficoll-hypaque gradient centrifugation 
(Beryum, 1974). The cells were suspended in Ca2+/Mg2+-free 
phosphate-buffered saline (PBS-) at a density of lo6 cells/mL 
and exposed to 10” M 12-O-tetradecanoy1phorbo1-13-acetate 
(TPA) for 1 h. After removal of cells by low-speed centri- 
fugation, the medium protein was concentrated by precipitation 
with 60% saturated ammonium sulfate and dialyzed against 
assay buffer. The enzyme was fully activated by exposure to 
1 mM 4-APMA. Keratinocyte collagenases were obtained 
from conditioned culture media of serially propagated rat 
mucosal keratinocytes as described (Lin et al., 1987) and from 
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a TPA-induced human tongue carcinoma line (SCC-25) 
(H.-Y. Lin, B. Birkedal-Hansen, R. E. Taylor, and H. Birk- 
edal-Hansen, unpublished data). Both enzymes were activated 
by brief exposure to trypsin as described (Lin et al., 1987). 

Production of Monoclonal Antibodies to Fibroblast Pro- 
collagenase. Aliquots of 80 pg of procollagenase emulsified 
in Freund’s complete adjuvant were injected in the rear foot 
pads and inguinal regions of Balb/C mice as outlined by 
Kearney (1984). Boosters in Freund’s incomplete adjuvant 
or in phosphate-buffered saline were given at 3-day intervals. 
This schedule resulted in visible enlargement of the regional 
lymph nodes, which was taken as evidence of successful im- 
munization. One day after the sixth injection, draining lymph 
nodes were excised and the cells obtained by teasing [(40-60) 
X IO6 per mouse] were fused at a 1:l ratio with murine 
myeloma cells (PX63-Ag8.653) by exposure to 36% poly- 
(ethylene glycol) at 37 O C  for 1 min as described by Kearney 
(1984). Aliquots of 5 X IO5 cells per well were seeded in 
24-well cluster dishes in RPMI 1640, 20% fetal calf serum 
supplemented with hypoxanthine, aminopterin, and thymidine 
(HAT). Enrichment with feeder cells obtained by peritoneal 
washing was done as needed. Hybridomas identified by 
phase-contrast microscopy were gradually transferred to 
HAT-free medium over a 2-week period. Wells with growth 
were tested for antibody production by ELISA, and positive 
hybridomas were cloned and recloned by limiting dilution. To 
screen for inhibitory activity, each clone was also grown in 
medium supplemented with Nu-serum, which does not inhibit 
collagenase activity. Immunoglobulin was isolated from 
culture media by passage over a protein A-Sepharose column. 
Ig was eluted with 0.1 M HOAc-0.2 M NaC1, pH 4.2, and 
immediately neutralized by addition of a 2 M Tris-HC1 buffer, 
pH 8.1. Ig concentration was determined spectrophotomet- 
rically, using E;&,,,,, = 14.0. Alternatively, ascites were pro- 
duced by intraperitoneal injection of lo7 cells in Balb/C mice 
primed with 1 mL of pristane oil 7-14 days earlier. Ascites 
were harvested by peritoneal drainage. IgG antibodies were 
isolated by protein A-Sepharose affinity chromatography. 
IgM (and some IgG) antibodies that were not retained by 
protein A-Sepharose were processed by ammonium sulfate 
precipitation (45% saturated), followed by chromatography 
on a 2.5 X 100 cm column of Ultrogel AcA 44 equilibrated 
with Ca2+/Mg2+-free PBS (PBS-). Final purification was by 
HPLC using a MonoQ column eluted with a linear salt gra- 
dient (0.0-0.45 M NaC1). Ig class and subclass was deter- 
mined by ELISA with commercially available (Southern 
Biotech, Birmingham, AL) chain-specific antibodies. 

Conventional polyclonal antibodies were prepared in rabbits 
and used for reference purposes in this study as described 
elsewhere (Birkedal-Hansen, 1987). Briefly, human fibroblast 
procollagenase in PBS- was labeled by addition of a 1:lO 
volume of 1 mg/mL fluorescamine in dry acetone and resolved 
in the native state by SDS-PAGE using a 11% polyacrylamide 
gel as described by Neville (1971). The procollagenase doublet 
was excised under the guidance of UV light, homogenized in 
a Polytron homogenizer, and strained through decreasing size 
needles. The resultant paste was emulsified with Freund’s 
complete or incomplete adjuvant and injected at multiple sites 
into the back skin of 3-4-kg white rabbits after collection of 
preimmune serum. Approximately 75 pg of procollagenase/kg 
of body weight was used per injection. Boosters were given 
every 2 weeks over a period of several months, and serum was 
harvested 1 week after each injection. Preimmune and im- 
mune Ig’s were isolated by protein A-Sepharose chromatog- 
raphy as described. 
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Assays. ELISA was performed by the protocol described 
by Kearney (1984). EIA microtest plates (Flow Laboratories, 
McLean, VA) were coated with a 1-3 pg/mL solution of 
human fibroblast prmllagenase diluted with borate-buffered 
saline (BBS, 0.12 M bora te415 M NaCI, pH 8.4) and kept 
overnight at 4 OC. After the wells were blocked with 1% 
bovine serum albumin (BSA), they were incubated with first 
antibody (hybridoma culture media) overnight at 4 'C. In- 
cubation with second antibody, affinity-purified, alkaline 
phosphatase conjugated goat anti-mouse Ig (Southern Biotech, 
Birmingham, AL) (0.2 & n L )  diluted in BBS-BSA was for 
4 h at 22 "C. The substrate was 1 mg/mL 0-phenylphosphate 
in 0.1 M diethanolamine buffer, pH 9.5, containing 0.24 mM 
MgCI2. Plates were screened by visual inspection or read by 
a Titertek Multiscan MC equipped with a 405-nm filter. 

Collagenase activity was measured as previously described 
(Birkedal-Hansen & Dano, 1981; Birkedal-Hansen. 1987) with 
reconstituted fibril gels formed by heat gelation of 20 pL of 
a 1.5 mg/mL solution of type I [3H]collagen isolated from 
rat tail tendons and labeled by reaction with [)H]acetic an- 
hydride. Incubation was for 16 h at  35 'C. Collagenolytic 
activity was measured by the release of radioactivity to the 
medium by liquid scintillation spectrometry. Latent enzyme 
was activated as described (Birkedal-Hansen et al., 1976) 
either by preincubation with 20 pg/mL trypsin-TPCK for IO 
min at  22 'C followed by addition of a 15-fold molar excess 
of soybean trypsin inhibitor or by inclusion in the assay buffer 
of 1 mM 4-APMA. Inhibitory activity was measured by 
preincubation (1  h, 22 "C) of hybridoma medium (RPMI. 
10% Nu-serum) or purified Ig with a known reference standard 
of human fibroblast collagenase. The resultant activity was 
measured by radiofibril assay or by the rate of formation of 
3/,-'/, fragments from monomeric ['Hlcollagen in solution. 

Electrophoretic Techniques. Electrophoresis was conducted 
under either denaturing or nondenaturing conditions in 11% 
polyacrylamide gels according to the method of Neville (1971). 
Under nondenaturing conditions, samples were incubated at 
22 OC for 1 h in sample buffer adjusted to 2% SDS. Dena- 
tured samples were prepared in the same buffer by heating 
(95 "C, 3 min) in the presence of 0.5% 2-mercaptoethanol. 
Electrophoresis was for 2 h a t  30 mA per I .5-mm gel slab. 
Samples were transferred to nitrocellulose paper by the method 
of Towbin et al. (1979) as modified by Burnette (1981). 
Zymography to detect gelatinolytic activity during purification 
of collagenase was performed by the method of Heussen and 
Dowdle (1980). Immunoprecipitation was performed essen- 
tially as described by Rosenfeld et al. (1982). Subconfluent 
or early confluent cultures were labeled for 4-24 h with 50 
pCi/mL [3'S]methionine. and 250-pL aliquots were incubated 
overnight at 4 "C with 50 pg/mL Mab or control nonimmune 
murine Ig or with 50 pg/mL Pab (immune or preimmune 
IgG). Protein A-Sepharose (3 mg) was added and incubation 
continued for 2 h at 22 "C. The antigen-antibody-protein 
A-Sepharose complex was collected by centrifugation, washed 
three times with 50 mM Tris-HCI buffer containing 0.19 M 
NaCI, 6 mM EDTA, 2.5% Triton X-IW,0.2% SDS, and 100 
U/mL trasylol. Antigen-antibody complexes were dissociated 
by boiling in electrophoretic sample buffer containing 2.0% 
SDS and 5% 2-mercaptcethanol. The reaction mixtures were 
resolved by SDS-PAGE and processed for fluorography by 
PPO-DMSO as described by Bonner and Laskey (1974). 
Total secreted protein was precipitated by quinine sulfate as 
described by Murphy et al. (1985). 

Western Blot Stoining. Electrotransfers were stained by 
the method of Larsson et al. (1984). After being blocked with 
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FIGURE I: Final step in the purification of human fibroblast pro- 
collagenase. Partially purified prmllagenase from 7 L of serum-free 
culture medium was eluted from heparin-Sepharose and Znz+-che- 
IateSepharose columns and applied to a 2.5 X 95 cm Ultrogel AcA 
44 mlumn. The second peak contains M, 57000/52000 pmllagenasc 
(inset). SDS-PACE, stained with Coomassie blue. (-) Absorbance 
at 280 nm; (0-0) latent collagenase activity. 

BBS-BSA (I  h at 37 "C), the blots were incubated with 
hybridoma medium or purified Ig in 50 mM Tris-HCl buffer, 
pH 7.5, containing 0.15 M NaCl (TBS) and 1% Triton X-100 
(TBS-Triton) for 16 h at 4 OC. After being washed 3 X 20 
min with TBS-Triton, the blots were incubated with horse- 
radish peroxidase conjugated swine anti-rabbit or rabbit 
anti-mouse Ig (Dako, Copenhagen. Denmark) (1:200) in 
TBS-Triton for 1 h at  22 "C. After another washing cycle 
in TBS-Triton (2 X 20 min) and 50 mM Tris-HCI, pH 7.5 
( I  X 20 min), color was developed by incubation with an 
aqueous solution of 3,3'-diaminobenzidine-H202, 

Immunoaffinnify Chromatography. Mab Ig was coupled to 
CNBr-activated Sepharase 4 8  according to the manufacturers' 
instructions. The columns were equilibrated with 50 mM 
Tris-HCI-0.2 M NaCI, pH 7.5. After application of crude 
medium, the column was washed with 1 M NaCl in the same 
buffer. Bound protein was eluted either in active form with 
3 M KSCN in 50 mM Tris-HCI, pH 7.5, or in latent form 
with 0.1 M HOAc4.2 M NaCI-IO mM CaCI,. pH 4.2. The 
eluate was immediately neutralized with 2 M Tris-HCI. pH 
8.1. 

Caprure of Active Forms of Collagenase by a,-Macrc- 
globulin. Human a2-macroglobulin (02-M) was purified from 
outdated plasma by the method of Kurecki et al. (1979) as 
modified by Sottrup-Jensen et al. (1984) using poly(ethylene 
glycol) precipitation (12%) followed by Zn2+-chelate and 
Sephacryl S-300 chromatography. The inhibitory capacity 
of the a2-M was determined by trypsin binding assay based 
on BAEE reactivity (Howard et al., 1980). The preparation 
used in this study blocked the action of 0.7 mol of active, 
pNGB titrable trypsin per mole of a2-M. Active collagenase 
present in procollagenase/collagenase preparations was com- 
plexed to a2-M by incubation with 900 pg/mL of inhibitor 
( I  5-fold molar excess) in assay buffer for 1 h at 22 OC. The 
samples were then resolved by SDS-PAGE under nondena- 
turing conditions as described above and transferred to ni- 
trocellulose paper and immunoperoxidase stained with mono- 
or polyclonal antibodies to human fibroblast (pro)collagenase. 

Miscellaneous. Stepwise Edman degradations were per- 
formed in a modified (Bhown et al.. 1980) Beckman 890 C 
sequenator as described earlier (Bhown et al., 1981). 

RESULTS 
Construction and Selection of Hybridomas That Express 

Anti-Human Procollogenase Anribodies. Hybridomas were 
constructed by fusion of murine myeloma cells (line PX63-Ag 
8.653) with lymph node cells immunized against purified M, 
57 000/52000 human fibroblast (pro)collagenase (Figure I )  
by a brief immunization schedule using relatively large doses 
of antigen (50-80 fig per injection). From 7 fusions, each 
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FIGURE 2 Immunoprecipitation of procollagenase from [''SI- 
methionine-labeled fibroblast culture medium by Pabs and Mabs. 
Lane I .  total medium protein; lane 2, rabbit Pab. 400 rg/mL IgG; 
lane 3. Pab absorbed with prwollagenase by passage over pro- 
collagenastSepharose column. 400 pg/mL IgG, lane 4. preimmune 
Ig. 400 pg/mL IgG; lanes 5-13, murine Mabs, IO pg/mL Ig. Lane 
5. Mab 111-12; lane 6, Mab I-4a; lane 7, Mab 111-7; lane 8. Mab X-Za; 
lane 9. Mab XIV; lane IO. Mab V I 4  lane I I ,  Mab VI-3; lane 12, 
Mab IV-2b: lane 13, nonimmune murine Ig. SDS-PAGE fluorogram. 

Table I: Inhibition of Interstitial Collagenases by Mabs and Pabra 
% inhibition of wllagenase activity 

from 

antibody [Is] (pg/mL) h-Fib h-PMNL h-Ker r-Ker 
polyclonll I* I nnn xn 14 n 
preir 
Mab 

VI-3 50 80 18 92 14 
VI-4 50 43 0 76 0 
2c5 50 88 13 64 9 
111-7 50 0 0 16 5 
'Aliquots (2W25 mu) of collagenase were mixed with Ig at the 

concentration indicated and assayed for resultant activity far 16 hat 35 
O C  by the radiofibril assay (Birkedal-Hansen & Dano. 1981). Prcim- 
mune (rabbit) Ig. and noninhibitory Mab 111-7 were used as cnntrols. 
Collagenases were prepared irom human fibroblasts (h-Fib), human 
PMN leukocytes (h-PMNL). human mucosal carcinoma kcratincxytes 
(SCC-25) (h-Ked. and normal rat mucosal keratinwvtes (r.Ker). 

resulting in between 50 and 200 hybridomas, I 1  Mabs that 
reacted with Western blots and/or inhibited the catalytic 
activity of the enzyme were studied in more detail. Each of 
these antibodies specifically immunoprecipitated the charac- 
teristic M, 57 000/52 000 procollagenase doublet from 
['%]methioninelabeled human skin fibroblast culture medium, 
although with somewhat varying efficacy (Figure 2). 

Inhibition of Collagenase Actiuify. Less than 5% of all 
ELISA-positive hybridomas inhibited the catalytic activity of 
the enzyme. Four initial fusions, after immunization with 
native or heat-denatured M, 57 000/52000 procollagenase, 
yielded only two inhibiting antibodies (VI-3, VI-4). Three 
subsequent fusions, after immunization with 4-APMA-acti- 
vated M, 46 000/42 000 collagenase, resulted in recovery of 
three additional inhibitory Mabs (2C5,7C2,4A2). The six 
remaining Mabs immunoprecipitated procollagenase from 
solution and reacted with the antigen on Western blots but 
did not block the catalytic activity. Human PMN leukocyte 
collagenase, which appears to be a distinct gene product (Hasty 
et al., 1984). was not inhibited to any significant extent (Table 
I). We have also examined the ability of the Mabs to inhibit 
fibroblast-type collagenases elaborated by epithelial cells, in- 
cluding human oral carcinoma cells (SCC 25) and normal rat 
oral mucosal epithelial cells. The epithelial collagenase from 
man was inhibited, but that from rat was not (Table I). 
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FIGURE 3: Purification of human fibroblast prmllagenase by im- 
munoaffinity chromatography. A 200-mL sample of serum-free 
fibroblast culture medium was passed over an afinity wlumn prepred 
by coupling IO mg of Mab VI-3 to 2 mL of CNBr-activated Sepharosc 
4B. The column was washed in succession with I M NaCl and distilled 
H20.  and bound protein was eluted with 0.1 M HOAc. pH 4.2, 
containing 0.2 M NaCl and IO mM CaCI,. Lane I .  crude medium 
protein; lane 2. unbound material (lox concentrated); lane 3. adsorbed 
material eluted with 0.1 M acetate buffer. In addition lo the M, 
57000/52000 doublet. a small amount oidimer (M, l05000) is also 
eluted. SDS-PAGE: silver stained. 

Affinity Purification of Human Fibroblast Procollagenase 
by Mab Affinity Chromafography. Three Mabs (111-7, X-2a, 
VI-3) were initially coupled to CNBr-Sepharose for con- 
struction of affinity matrices to isolate human fibroblast 
procollagenase. Mab X-2a did not retain the enzyme, whereas 
Mabs 111-7 and VI-3 did. The enzyme could subsequently be 
eluted essentially in pure form either with 3 M KSCN or with 
0.1 M HOAc, pH 4.2. Figure 3 shows the result of a single 
passage of 200 mL of serum-free human fibroblast culture 
medium over a 2-mL column constructed by coupling of IO 
mg of VI-3 IgG, to 6 g of CNBr-Sepharose. On the basis of 
activity assays, 80% of the enzyme was retained on the column. 
After a single wash with 1 M NaCI, the enzyme was eluted 
with 0.1 M HOAc-0.2 M NaCI-IO mM CaCI,, pH 4.2. A 
total of 290 fig of procollagenase was recovered. The purity 
judged from SDS-PAGE was 90% and the recovery better 
than 80%. 

Assignment of Mab Epitopes to Different Structural Do- 
mains of the (Pro)collagenase Molecule. Cleavage of the 
enzyme with CNBr resulted in complete loss of Mab immu- 
noreactivity. This approach, therefore, could not be used for 
assignment of epitopes to distinct structural domains within 
the molecule. Instead, we took advantage of two spontaneous 
and apparently autocatalytic fragmentation reactions that 
occur during storage of the enzyme, namely, (i) conversion 
of the M, 57000/52000 zymogen to the M, 46000/42000 
activated form (Figure 4) and (ii) cleavage of the zymogen 
into two major identifiable, M, 33 000 and M, 22000, frag- 
ments. 

"Spontaneous" activation of procollagenase results in con- 
version of the M, 57000/52000 bands to a M, 46000/42000 
doublet (Figure 4A, lane I )  much in the same manner as 
activation by brief trypsin pretreatment (Figure 4A, lane 4). 
The sample shown in Figure 4, parts A and B, contained 
approximately equal amounts of each of the four major com- 
ponents and little or no intermediate (lane I ) .  To determine 
whether any or all of these bands possessed catalytic activity, 
we used an inhibitor-capture technique based on the obser- 
vation that n2-M forms stable, SDS-resistant complexes with 
active collagenase but not with latent forms of the enzyme. 
Capture by the inhibitor can therefore be used to distinguish 
between these forms and, when combined with SDS-PAGE. 
to assign catalytic activity to individual electrophoretic com- 
ponents. Figure 4A shows that the M,46000/42000 bands 
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Table 11: Mab and Pab Reactivity with (Pro)collagcnase and (Pro)collagcnase Fragments on Western Blots 

procollagenare/collage"a~e fragments 

M, S7MN)/ M. 46onn/ M, M. 
antibody class inhibn 52000 42 000 33 MN) 22 ooo CNBr 

VI-3 + + + + 0 0 
2cs + 0 0 0 0 0 
4A2 k M  (+) + + + 0 0 
7C2 IgG7. + + + + 0 0 
VI-4 k M  + + + + 0 0 
111-7 IgG, 0 + + + 0 0 
111-12 0 + + + 0 0 
X-2a kG1 0 + + + 0 0 
XIV IgG2b 0 + + + 0 0 
IV-2b k M  0 + + + 0 0 
I-4a k M  0 + + + 0 0 
Pa b + + + + (+) (+) 

A 
T r y - - - + +  
azM - - + - + - 

Z K - -  -- 
18K - -. 

1 2 3 4 5  
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X-28 11-7 2cs 
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1 2 3  
FIGURE 4. Western blot staining of M. 57000/52000 prmllagenase 
and M, 46000/42000 (active) collagenase with Mabs and Pabs. Fach 
lane contained -30 ng of total collagenase. (A) Lanes 1-5 were 
stained wilh rabbit Pab. 7.0 ug/mL Ig. to identify latent and active 
components by o2-M capture technique. Lane I. starting sample 
containing approximately equal amounts of the M, 57000/52000 
procollagenarc and spontaneously actwatcd M, 46000/42000 col- 
lagenau: lanes 2 and 3. Same ample preincubated (I h. 22 OC) either 
u i th  ariay buffer (lane 2 )  or Hith 900 pg/mL a2-M (1.25 X IOd 
MI (lane 3) to complex catalytically active collagenase (the inhibitor 
selcctivcly removed the M, 46000/42000 band,): lane 4. Same Sample 
activated b) tr)psin (20 #g/mL. 10 man. 22 'C) (the reaction was 
stoppcd by a I5.fold molar cxccss of soybean trypsin inhibitor: the 
M, S7OCQ/S2000 promllagcnare bands ucrcquantitativcly convened 
to the M, 46000/42000 form); lane 5 .  trypsin-activated sample 
preincubated with o2.M (the inhibitor rcmwed the M, 46M0/42WO 
bands and the minor. doublet commncnt on the M. 19onn-22nnn 
range) (E) Lanes 1-3 were stained'with Mabs ( 5  u i / m L  Ig) Lane 
I .  Wab X.2a. lsnc 2. Mab 111 7. lane 3, Mab 2C5 

generated spontaneously (lanes 2, 3) or by trypsin activation 
(lanes 4, 5)  were removed by the inhibitor, whereas the M, 
57000/52000 bands were not. It was therefore concluded that 
the M, 46000/42000 species were catalytically active and that 
the M, 57000/52000 species remained latent. 

Immunoperoxidase staining with each of the Mabs revealed 
three characteristic patterns of reactivity (Figure 4B. Table 
11). One Mab (X-2a) reacted wilh the M, 57000/52000 
zymogen bands, but failed to recognize the activated M, 
46000/42000 enzyme (Figure 4B, lane I ) ;  nine Mabs. in- 
cluding Mab 111-7 shown in Figure 4 8  (lane 2) as a repre- 
sentative of this group, reacted equally well with the M, 

1 2 3  1 2 3 4 5 6  1 2  3 4  

FIGURE 5: Reaction of Mabs and Pabs with prmllagenase M, 33000 
and M, 22000 fragments. (A) Spontaneous fragmentation of pro- 
collagenase upon storage. Lanes I and 2 show increasing conversion 
of M, 57000/52000 procollagenase to fragments migrating at M. 
33000 and M, 22003. Lane 3. HPLC-purified M, 22000 fragment. 
SDS-PAGE stained with Coomassie blue. (B) Western blot staining 
of sample in Figure 6A. lane I .  Each lane contained 0.3 pg total of 
enzyme protein. Lanes I and 2 were stained with 7 pg/mL rabbit 
Ig isolated from immune (Ig, lane I )  and preimmune sera (plg. lane 
2). Lanes 3-6 were stained with 5 pg/mL murine Mab Ig. Lane 
3. Mab 111-7; lane 4, Mab X-2a; lane 5. Mab 2CS: lane 6, nonimmune 
murine Ig. (C) o2-M capture of procollagenase/collagenase frag- 
ments. The sample used in Figure 68 was preincubated with buffer 
alone (lane I )  or with 900 pg/mL 02-M ( I  h. 22 "C) (lanes 2-4). 
Staining was with 5 pg/mL Mab 111-7. The inhibitor removed the 
four bands in the M, 4800IF42000 range that represent activated 
collagenase and intermediates (middle arrow) but did not remove the 
M, 33000 doublet (lower arrow). Note reactivity of o2-M-allagenase 
complex at the top of gel (upper arrow). Lane 3.900 #g/mL a2-M 
incubated in the absence of collagenase. Lane 4. same as lane I ,  
stained with 5 pg/mL nonimmune murine Ig. 

57 000/52 000 and M, 46 000/42000 bands; one Mab (2C5) 
did not react with any of the bands (Figure 4B, lane 3). The 
finding that the epitope recognized by Mab X-2a was de- 
stroyed during activation suggests that the antibody reacted 
with an amino acid sequence located in the SI-residue 
NH,-terminal propeptide (Goldberg et al., 1986) or with a 
conformation-dependent structure that was lost as a result of 
internal rearrangement. Since it was subsequently found that 
the epitope was preserved even after complete reduction and 
denaturation of the zymogen (data not shown), it was con- 
cluded that Mab X-2a recognized a specific amino acid se- 
quence in the propeptide. The epitope for Mab ZC5 apparently 
was lost or masked on Western blots and could not be iden- 
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---AQDDIDGIQAIYGRSQNPVQPIGPQTPKACDSKLTFDAITTIRCEVMFFKDRFYMRT-- procollagenase 

IGPQTPKACDSKLTFDAITTIRGEVMFFKDRFYMRT-- Mr 22,000 peptide 

FIGURE 6: NH2-terminal sequence of the M,  22000 peptide. The peptide was purified from spontaneously degrading procollagenase by reversed-phase 
HPLC. A stretch of 40 amino acids was sequenced by stepwise Edman degradation and aligned with the amino acid sequence of human fibroblast 
procollagenases predicted from a cDNA clone (Goldberg et al., 1986). The numbering is from the predicted NH2 terminus of the procollagenase 
molecule. The sequence showed that the M, 22 000 peptide was formed by cleavage of the P r ~ ~ ~ , , - I l e ~ ~ ~  bond. 

tified. The remaining nine Mabs recognized epitopes in the 
MI 46 000/42 000 catalytic enzyme. 

To further narrow down the location of these nine epitopes, 
we took advantage of the autocatalytic cleavage of MI 
57 000/52 000 procollagenase into two major fragments 
(Figure 5A). With conventional molecular mass standards, 
MI% were 33 000 and 22000 in the native state (Figure 5A, 
lane 2) and 30 000 and 25 000 after reduction and denatura- 
tion. This cleavage is responsible for the instability of the 
proenzyme upon storage and ultimately results in complete 
degradation of the enzyme protein (Figure 5A). The reactivity 
of Mabs with the MI 33 000 and MI 22 000 procollagenase 
fragments is shown in Figure 5B and Table 11. With the 
exception of Mab 2C5 (which did not stain), each of the Mabs 
recognized the M, 33 000 fragment and none reacted with the 
MI 22 000 fragment. The failure of any of the Mabs to rec- 
ognize the MI 22 000 fragment was subsequently verified by 
Western blots of the isolated peptide (data not shown). Even 
the polyclonal antibody reacted poorly with this fragment 
(Figure 5B, lane 1). 

The M I  33000 fragment was recognized by the pro- 
collagenase-specific Mab X-2a (Figure 5B, lane 4) and 
therefore constituted the NH2-terminal part of the zymogen, 
which has been shown to contain the propeptide (Goldberg 
et al., 1986). Like native procollagenase, the "M, 33000 
fragment" consisted of a group of two/three peptides that 
migrate within a 3 000-4 000 MI range and therefore in all 
likelihood still contain the two suspected N-glycosylation sites 
(Asr~,,~,  Amll3). To place the smaller MI 22000 fragment 
within the molecule, we have isolated -2 mg of this fragment 
by reversed-phase HPLC (Figure 5, lane 3) and sequenced 
a stretch of 45 amino acid residues from the NH, terminus. 
When aligned with the sequence of the intact procollagenase 
molecule (Goldberg et al., 1986), this partial sequence une- 
quivocally established that the fragment was formed by 
cleavage of the P r ~ ~ ~ ~ - I l e ~ ~ ,  bond in the zymogen molecule 
(Figure 6). On the basis of an average residue weight of 115, 
we predict that the fragment accounts for all, or nearly all, 
of the 205-residue COOH-terminal portion of the enzyme that 
follows the cleavage site. Together, the MI 33 000 
and M, 22 000 fragments appear to account for all, or nearly 
all, of the intact M, 57 000/52 000 procollagenase molecule. 

The MI 33 000 fragment was not removed by a2-M and 
appears to be devoid of catalytic activity, at  least before ex- 
posure to SDS (Figure SC). However, the four minor bands 
that constitute active and intermediary forms of collagenase 
(Stricklin et al., 1983) were removed by the inhibitor (Figure 
5C). The intermediary species at  M, 48 000/44 000 are 
probably identical with the partially converted molecules de- 
scribed by Grant et al. (1987), which have retained 18 residues 
of the propeptide proximal to the Pheg,-Valg2 cleavage site. 
Although the M ,  33000 fragment appears to be devoid of 
catalytic activity, it can be "activated" in a manner similar 
to the intact Mr 57 000/52 000 collagenase precursor either 

Resldue: 1 81 250 450 

oooor 
Propeptlde(8) Catalytic Enzyme 

33K fragment Z K  fragment 

FIGURE 7: Assignment of epitopes to domains within the procollagenase 
molecule. Linear model of procollagenase constructed after the cDNA 
sequence published by Goldberg et al. (1986). The Mr 52 000 pro- 
enzyme consists of an 8 1 -residue propeptide followed by a 369-residue 
catalytic enzyme ( M ,  42 000). Activation results in loss of the 8 1- 
residue propeptide (l) ,  which yields several small peptides and the 
369-residue catalytic protein. Internal cleavage at the 
bond (2) yields a Mr 33000 fragment, which contains the intact 
propeptide and a Mr 22 000 COOH-terminal domain. Nine Mabs 
reacted with the 169-residue fragment between the propeptide and 
Pro2%; one (X-2a) reacted with the propeptide; none reacted with the 
M, 22 000 COOH-terminal fragment. 

spontaneously or by exposure to trypsin, 4-APMA, or SDS 
(Birkedal-Hansen et al., unpublished data). The catalytic 
status of the MI 22 000 COOH-terminal fragment could not 
be determined because of its poor reactivity with both mono- 
and polyclonal antibodies. 

The findings summarized above permit us to assign 10 of 
the epitopes to domains within the procollagenase molecule 
in the following manner (Figure 7): The Mab X-2a epitope 
is located in the 81-residue propeptide; the remaining 9 epitopes 
are located in a 169-residue segment, which lies downstream 
from the propeptide and constitutes the "*-terminal portion 
of the activated enzyme; no epitope has yet been identified in 
the 205-residue COOH-terminal domain. 

DISCUSSION 
This study describes the properties of a complement of 

monoclonal antibodies to human fibroblast collagenase/pro- 
collagenase. Taking advantage of the fragmentation of the 
collagenase zymogen, which occurs during activation of the 
enzyme and during an apparently autocatalytic internal 
cleavage of the molecule, we were able to assign the epitopes 
to one of three major molecular domains. Nine of 11 epitopes 
were clustered within a 169-residue segment that constitutes 
the ",-terminal domain of the activated enzyme, one was 
located in the propeptide, and one could not be assigned. The 
clustering of epitopes in the 169-residue ",-terminal portion 
of the active enzyme and the failure to identify any epitopes 
in the larger 205-residue COOH-terminal domain suggest that 
the COOH-terminal half of the enzyme is poorly immunogenic 
and possibly lies buried inside the protein. 

Each of 4 inhibitory antibodies recognized epitopes located 
in the 169-residue domain. Although it is possible that an 
antibody may bind at some distance from the active site and 
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with identical or highly overlapping catalytic functions, how- 
ever, is not unique. It is well established that the metabolic 
activation of plasminogen may proceed along one of two 
pathways, mediated by either urokinase-type (u-Pa) or tis- 
sue-type (t-Pa) plasminogen activators (Dano et al., 1984). 
A body of evidence suggests that the two enzymes serve 
somewhat different biologic functions in that t-Pa is a vascular 
protease that dissolves fibrin clots whereas u-Pa mediates 
extravascular plasmin-dependent proteolysis in the tissues 
(Dano et al., 1984). Although PMN leukocytes and stromal 
cells (which produce fibroblast-type collagenase) are involved 
in different biologic functions, it is not yet clear whether the 
two enzymes perform distinct or identical catalytic functions 
in the dissolution of collagen fibrils. It also remains unclear 
why it is either necessary or advantageous to evolve two distinct 
proteases with highly overlapping catalytic functions. 
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ABSTRACT: A method for the determination of individual rate constants and equilibrium constants from 
simple steady-state kinetic data is presented for a simple ping-pong mechanism. This involves determining 
the Michaelis constants and catalytic constants for three pairs of amino acids and keto acids. The equations 
that relate these steady-state constants to the equilibrium and rate constants are derived. The usefulness 
and limitations of the treatment are discussed in terms of hypothetical case studies. The method is then 
used to derive the dissociation constants and rate constants for an experimental system consisting of Es- 
cherichia coli tyrosine aminotransferase and several of its substrates. This simple analysis will be of use 
in the study and comparison of enzymes generated by site-directed mutagenesis where multiple time-consuming 
studies become impractical. 

x e  determination of microscopic rate constants for en- 
zyme-catalyzed reactions provides valuable information in the 
detailed analysis and comparison of enzyme reaction mecha- 
nisms. It is a complicated and time-consuming process in- 
volving the use of specialized equipment, which is not available 
in most laboratories. Here we report a method by which 
individual rate constants can be estimated from simple 
steady-state data that can be obtained on a standard bench-top 
spectrophotometer. In addition, the method provides a way 
of calculating the enzyme-substrate equilibrium constants. 
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The ping-pong mechanism originally proposed by Cleland 
(1963) adequately describes the sequential two-substrate re- 
action catalyzed by aminotransferases. The transamination 
reaction is normally fully reversible and can be measured in 
either direction. Thus, the actual number of substrates that 
can be utilized for kinetic analysis is, in fact, four (two sets 
of two). For any four substrate system, which consists of two 
amino acids and the two corresponding keto acids, a minimum 
of eight rate constants are required to define the fully reversible 
pair of transaminations. The full complement of steady-state 
parameters consists of four Michaelis constants, two catalytic 
constants, and four inhibition constants. 

Cleland (1963) has previously derived the relationship be- 
tween these steady-state parameters and the individual rate 
constants. Unfortunately, determination of all the steady-state 
parameters, which can be obtained from a given four-substrate 
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