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Collagenase from Rat Uterus. Isolation 
and Partial Characterization* 

John J. Jeffrey? and Jerome Gross 

ABSTRACT: An enzyme capable of degrading native collagen 
has been obtained from the medium of cultures of resorbing 
postpartum rat uterus, but not from tissue extracts. The 
enzyme is maximally active at neutral pH with little activity 
below pH 5 or above 8, requires Ca2+, and is irreversibly 
inhibited by ethylenediaminetetraacetate but not by cysteine. 
At temperatures below 30" the enzyme catalyzes a small 
number of cleavages in the native collagen molecule with no 

C ontrolled degradation of collagen plays an important 
role in physiologic remodeling of animal tissues during growth 
and development as well as in repair and pathologic states. 
In recent years collagenolytic enzymes operative initially at 
neutral pH have been detected in cultures of a number of 
amphibian and mammalian tissues (Gross and Lapiere, 1962; 
Jeffrey and Gross, 1967; Grillo and Gross, 1967; Walker 
et al., 1964; Eisen, 1967; Fullmer and Gibson, 1966; Riley and 
Peacock, 1967; Beutner ef ul., 1966; Bennick and Hunt, 1967; 
Fullmer and Lazarus, 1967; Grillo et a/., 1968). Some of these 
collagenases have been isolated from the culture medium and 
partially characterized (Nagai et al., 1966; Gross and Nagai, 
1965; Sakai and Gross, 1967; Eisen et al., 1968; Evanson 
et al. ,  1967; Evanson and Krane, 1968). In two instances in 
which the products of reaction were characterized collagen- 
olytic enzymes have been extracted directly from cells and 
tissue, one from human leucocytes (Lazarus et al., 1968) and 
another from crab hepatopancreas (Eisen and Jeffrey, 1969). 
In all cases the enzymes degrade native collagen fibrils, or 

molecules in solution, to relatively small polypeptide frag- 
ments at 37" and pH 7.6. At lower temperatures below the 
denaturation range of the substrate (ca. 2C-28"), the attack 
is much more limited and specific. The collagen molecule is 
severed at a point one-fourth the length from the "B" end 
producing two conformationally intact fragments, TC.' which 
represents three-fourths the length from the "A" end, and 
TCB, the remaining one-fourth. In the best described case, 
namely, the action of purified tadpole collagenase, the two 

loss in tertiary structure of the products. Three of these 
products have been identified by electron microscopy of aden- 
osine triphosphate reconstituted crystallites (segment long 
spacing) as fragments of 75, 67, and 6 2 z  of the molec- 
ular length from the "A" end. Characterization of the 
smaller fragments is not yet accomplished. At 37" and neutral 
pH, uterine collagenase preparations degrade native collagen 
fibrils or molecules to peptides most of which are dialyzable. 

fragments have been isolated and characterized by electron 
microscopy (Gross and Nagai, 1965), physical chemical 
analyses (Sakai and Gross, 1967), and amino acid composition 
(Kang et a / . ,  1966), and the terminal amino acids at the site of 
cleavage identified (Nagai et d., 1964). Only three peptide 
bonds were severed per 300,000 molecular weight, presumably 
one in each chain about the same locus (Nagai et a/., 1964). 

The enzyme obtained from cultures of postpartum rat 
uterus, briefly reported in 1967 (Jeffrey and Gross), was 
shown to differ in its mode of attack from the amphibian 
collagenase. This paper describes the isolation and character- 
ization of the rat uterine collagenase. 

Methods 

Female Sprague-Dawley rats were killed less than 12-hr 
postpartum and both horns of the uterus excised under sterile 
conditions. They were washed several times with IO-ml 
portions of Dulbecco and Vogt's modification of Eagle's 
medium containing 300 units/ml of penicillin and strepto- 
mycin, after which the tissues were cut into uniform explants, 
approximately 2 m12> with sterile technique; 12-15 
explants were placed in each of a series of disposable culture 
flasks (Falcon Plastic, Richmond, Calif.) containing 2.5 ml 
of medium. The flasks were gassed with 95z 02-5%C0,  
and incubated at 37". Medium was harvested daily, usually 
for 4 days, and fresh medium was added. The medium collected 
each day was augmented with 0.05 volume of 2 'LI Tris-HCI 
(pH 7.9,  then dialyzed against distilled water. and lyophilized. 
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Collagenolytic activity was determined either viscometri- 
tally or by release of soluble radioactivity from IiC-labeled 

was measured in ostwald viscometers with flow t ime for 
water at 20" between 25 and 75 sec. Reconstituted native 
Collagen fibrils Were prepared from SOlUtiOnS of [14c]glycine- 
labeled guinea pig skin collagkn (specific activity 23,000 
cpm/mg). A typical reaction mixture contained 150 pg of 'C- 
labeled collagen fibrils, 15 pmoles of NaCI, 7.5 pmoles of 
Tris-HC1 (PH 7.6), 450 m ~ m o l e s  Of CaC12* and from to 'Oo 
pg of the crude enzyme protein in a final volume of 150 pl. 

reconstituted collagen fibrils (Nagai et a/., 1966). Viscosity 
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The reaction mixture was incubated from 1 to 20 hr at 37" 
in 1 -ml plastic centrifuge tubes tightly covered with Parafilm 
following which they were centrifuged at 20,OOOg for 10 min. 
A fixed aliquot usually 100 p1 was counted in Bray's solution 
in a liquid scintillation counter. Controls were run using 
crystalline trypsin at a final concentration of 0.01 %, and the 
reported data are counts per minute above that of the trypsin 
control. 

Optical rotation measurements on reaction mixtures as a 
function of time of incubation were performed in a Rudolph 
photoelectric spectropolarimeter equipped with an oscillating 
polarizer. Temperature was maintained in the I-dm jacketed 
cell by circulating water from a constant-temperature bath. 
Melting curves were obtained by following optical rotation 
at 367 mp as the temperature was increased in steps of 1 '/20- 
min increments. 

Segment long-spacing aggregates of intact collagen and 
enzymatic products were prepared for electron microscopy 
according to Gross and Nagai (1965), stained with uranyl 
acetate, and examined in an RCA-EMU-3G electron micro- 
scope. 

Electrophoresis of thermally denatured collagen in reaction 
mixtures on acrylamide gels was accomplished according to 
Nagai et al. (1964). The enzyme was inactivated by adding 
EDTA (IO+ M) before denaturation. 

Calf skin and guinea pig skin collagen preparations and 
stock substrate solutions were prepared as described by Gross 
and Lapiere (1962). 

Results 

Enzyme Characteristics. Details of the purification of the 
enzyme will be deferred to a subsequent publication. Briefly, 
the activity has been purified approximately 15-fold by precip- 
itation from concentrated culture medium with ammonium 
sulfate between 30 and 50z saturation. A further purification 
has been obtained by gel filtration on a column of Sephadex 
G-150. The enzyme emerges from the Sephadex column 
slightly behind the void volume. Although the enzyme 
solutions used in this study are impure, they are free from 
nonspecific proteolytic activities as indicated by their inability 
to degrade denatured casein at neutral pH and 37". Unless 
otherwise specified, enzyme partially purified by ammonium 
sulfate precipitation was used in these experiments. 

Partially purified enzyme solutions degrade collagen in 
suspensions of reconstituted native fibrils at pH 7.6 and 37". 
A linear relationship between the amount of substrate 
degraded and time of incubation, and enzyme concentration 
is demonstrated in Figure la,b. 

The dependence of enzyme activity on pH is shown in 
Figure 2. A fairly sharp peak of maximum activity is observed 
at pH 7.5 which peak nearly vanishes at pH 5.5. 

M 
EDTA and requires CaZf for activity as shown in Table I. 
Mg2+ and Zn2+ are only weakly active in replacing Ca2+. After 
inhibition by EDTA, the addition of a large excess of calcium 
does not restore collagenolytic activity. This suggests that a 
second metal is required for enzymatic activity, The enzyme is 
inactivated by heating to 90" for 10 min and is not affected 
by M cysteine, in contrast with the irreversible inactivation 
of tadpole collagenase by this amino acid. 

Partially purified enzyme from postpartum uterine tissue 

The uterine collagenase is completely inhibited by 
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FIGURE 1 : Release of radioactivity from [ 14C~ycine-labeled collagen 
fibrils by uterine collagenase; (a) as a function of time and (b) as a 
function of enzyme concentration. Conditions of the assay system 
were as described in Methods. The enzyme solution, partially 
purified by (NH&SOI precipitation, contained 10 pg of protein PI. 
Incubation mixtures in (a) contained 100 pg of enzyme protein; 
incubation mixtures in (b) were incubated for 6 hr. Total radio- 
activity per incubation mixture = 2200 cpm. 
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FIGURE 2: pH optimum of uterine collagenase, measured by the 
[14C]collagen fibril assay. Conditions of the assay described under 
Methods. Buffers used to obtain the appropriate values were 0.2 M 
Tris-maleate (pH 5.7-7.9) and 0.2 M boric acid-KC1 (pH 7.8-9.1). 
The final pH at each point was determined on mock reaction mix- 
tures (no collagen or enzyme protein). 
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FIGURE 3:  Viscosity and optical rotation measurements on uterine 
collagenase collagen reaction mixture. Initial collagen concentra- 
tion, 0.05%, (vSp = 2) in 0.05 M Tris-O.2 M NaC14.005 M CaCh 
(pH 7.5). Enzyme protein concentration, 200 pg/ml of reaction 
mixture. Optical rotation was measured simultaneously with vis- 
cosity on an aliquot of the reaction mixture. 

cultures reduced the viscosity of collagen solutions (pH 7.6) 
at 25 and 28", temperatures which are well be!ow the dena- 
turation range (Figure 3). Activity could also be detected at 
20", but the rate of viscosity loss was comparatively slow. 
Both the rate of loss and fractional change were less at 25" 
than that at 28". 

Optical rotation measurements of the collagen substrate 
during the reaction (Figure 3) indicated no significant loss of 
helical structure during a drop of at least 50%) and in some 
experiments as much as 83 %, of the specific viscosity. 

The denaturation temperature midpoint (T,) of the reaction 
products was approximately 7' lower than that of native 
collagen at pH 4 (Figure 4). In all cases where the reaction was 
less than complete the melting curve was diphasic, the latter 
section of which probably represents the remaining intact 
collagen molecule. T, values of approximately 33-35' for 
the reaction products were obtained in several experiments in 

TABLE I :  Effect of Various Divalent Cations on the Activity 
of Dialyzed Uterine Collagenase.. 

[ 14C]ColIagen Solubilized 
Metal Added (CPd 

None 
Ca*+, 5 X 1 0 - 3 ~  
Mg2+, 5 X M 
Zn2+, 5 x 1 0 - 3 ~  
Mn2+, 5 X M 
cu2+, 5 x 1 0 - 3 ~  

0 
4750 
1069 
220 

0 
0 

.Effect of various divalent cations on the activity of 
dialyzed uterine collagenase. Radioactive fibril assay. Enzyme 
solution dialyzed against 0.05 M Tris, 18 hr. Concentrations 
of metals added as the chlorides, represent final concentrations 
in the reaction mixtures. Total cpm added as [14C]collagen 
= 7000. 

which the final viscosity ranged from 17 to 8 4 x  of control 
collagen which denatured with a T, of 40". 

Disc electrophoretic patterns of thermally denatured 
reaction mixtures are shown in Figures 5 and 6. At viscosity 
losses up to 2 O x  the appearance of a small number of new 
bands is seen. One appears below the normal a chains, 
another below the normal p component, and two fast-running 
bands appear near the buffer front. The pattern at this time 
in the reaction is identical with that obtained with tadpole 
collagenase and that from human skin (Eisen et ai., 1968) 
and rheumatoid synovium (Evanson et al., 1967). As the 

THERMAL DENATURATION OF U T E R I N E  E N Z Y M E -  
TREATED C O L L A G E N  
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FIGURE 4: Thermal denaturation of normal collagen and collagen 
digested with uterine collagenase at 28" to a loss in qep of 6 0 z  (see 
Figure 3 for details). Denaturation was performed in 0.005 N acetic 
acid and followed in a Rudolph polarimeter at 365 mp. The or- 
dinate represents the fraction of the original optical rotation lost. 
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FIGURE 5:  Acrylamide gel electrophoretic patterns of uterine col- 
lagenase degraded collagen reaction mixtures at 28". (a) Enzymecon- 
trol; (b) collagen control; (c) 10% viscosity loss; (d) 30% viscosity 
loss; (e) 60% viscosity loss; a refers to the single polypeptide chain 
and P to the cross-linked dimers of the a chains. These are obtained 
in the free random coil form after denaturation of collagen. a* 
and 8* refer to modified OL and j3 components whose A INH2 term- 
inal) ends are intact. aB, similarly, denotes modified OL chains whose 
B (COOH terminal) ends are intact. Lowest band in each gel is sol- 
vent front. 

reaction proceeds, however, a more complicated pattern of 
products appears (Figure 6). At least two new components 
are seen below each of the original new bands. This more com- 
plicated display of new fragments is maintained qualitatively 
unchanged as the reaction proceeds. A progressive loss of the 
original a chains and 0 components is observed, paralleled by 
an increase in concentration of the modified components. A 
gradual increase in the amount of the fastest moving compo- 
nent in the modified a and 0 region is seen (Figure 6). The 
reaction products at 25' are identical with those at 28" at 
equivalent viscosity losses. The two fast-moving bands in the 
aB region (Figure 5 )  are present throughout the reaction at 
either temperature and no dialyzable material is produced. 
Electrophoretic patterns of reaction mixtures incubated at 
temperatures between 33 and 37" show a single dense band at 
the solvent front and 6 7 Z  of the reaction products are dialyz- 
able at 37'. Reaction mixtures at 28", inhibited by EDTA and 
then elevated to temperatures between 33 and 37O, did not pro- 
duce these fast-moving small peptides. Thus, the production of 
these small fragments is the result of further enzymatic attack 
rather than thermal lability. 

Electron microscopic examination of ATP-precipitated seg- 
ment long spacing from reaction mixtures revealed the pres- 
ence of segments of different lengths, depending upon the ex- 
tent of the reaction. Measurements of the loss in molecular 
length were made by comparing the length of the whole seg- 
ment (AB') with the positionofa well-definedlandmark within 
that segment, in this case, the Sa band of Hodge and Schmitt 
(1960). The mean AB:A& ratio for native collagen (TC) is 
2.35. The mean ratio of the three-quarter-length segment, 
TC&, produced by tadpole collagenase is 1.75 (Gross and 
Nagai, 1965). Segments whose AB':A& ratio is 1.75 are 
readily obtained from uterine collagenase reaction mixtures, 
particularly at early time periods. In  addition to TC& seg- 
ments, two shorter molecular species which begin to appear as 

P~GURE 6: Acrylamide gel electrophoretic patterns of uterine col- 
lagenase degraded collagen; (a) collagen control; (b) €dl% viscosity 
loss; (c) 70% viscosity loss. See Figure 5 for nomenclature of 
modified components. 

the viscosity falls below 60Z of the controls have been iden- 
tified. The segment long-spacing crystallites consisting of frag- 
ments from the "A" end, have ratios of 1.53 and 1.45, repre  
senting molecular lengths of about 67 and 6 2 x  of native 
collagen. These will be referred to as TC& and TCt2, respec- 
tively. Figure 7 illustrates the distribution of lengths of seg- 
ment long spacing seen in various reaction mixtures and the 
shaded area allows comparison with the TC* fragments mea- 
sured from reaction mixtures of collagen and tadpole colla- 
genase (Gross and Nagai, 1965). Small discrete differences in 
molecular length, so evident from inspection of the band pat- 
tern, are not separately resolved in the distribution curve. The 
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FlGuRE 7: Distribution pattern oithe molecular lengths of collagen 
fragments produced by uterine collagenase. Shaded bars represent 
distribution curve for fragments (TC$J produced by the action of 
tadpole collagenase. Bars on the right represent the distribution 
obtained for normal collagen (TC). 
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FEURE 8: Electron micrographs of segment long spacings 01 collagen l iwpcnls  produced by the i d o n  of uterine collagenase: (a) 
normalcollagen segments (TC), with the 6. and I3.l (TC:l) bands marked lor rclcrcncz: (b) TG. segniml hybridized to a small amount of 
normal TC, represented by the full-length arrow; (c) in  the upper right corner a hybrid of normal collagen and TC$. The distal bands of 
the shortened segments are marked with white lines, In the lower left is displayed a hybrid of normal collagen and TC;%; the distal bands are 
again marked in white, (d) A multiple hybridcontaining normal collagen (full arrow), TC;'? (white lines) and small areas of TC;,, visible 
in places below hands of TCh Magnified 70,000 times. 

distinguishing characteristics are clearly seen in the electron 
micrographs shown in Figure 8. Figure Sa illustrates segment 
long spacing of normal intact collagen ( E ) ,  and Sb shows 
TC& which in one region indicated by the complete arrow is 
coprecipitated with a small amount of TC. The distal band in 
TC?, is the Bi in the nomenclature of Hodge and Schmitt 
(1960). Figure 8c,d shows the shorter 67 and 62Z fragments, 
TC& and TC,", also coprecipitated with intact molecules. In 
some preparations where digestion is complete there are no 

Disc electrophoresis indicates that the small pieces are always 
present and there is no indication of modification or addi- 
tional fragments. Modifications at the "A" ("1 terminal) 
end of the molecule have not been observed in these studies. 
Tantalizingly, other very short, well-structured segments have 
occasionally been seen, but as yet the site of origin of these 
small fragments in the collagen molecule have not been local- 
ized. 

hybrids. Discussion 
One-quarter-length segments, similar to TC& obtained 

from tadpole enzyme reaction mixtures have been seen on rare 
occasions in the form of stacks of segments and occasionally 

The characteristics of the catalytic activity of the uterine 
collagenase are similar in many ways to that of the tadpole en- - 

as individuals. Figure 9 illustrates an extended ribbon of such 
a "stack" stained with uranyl acetate, It is difficult to match 
up the band pattern in the ribbon precisely with the known 
structure of TC&, because of a small amount of regular 
overlap of the individual TC& fragments within the polymer. 

zyme. Both have pH optima in the neutral range and are 
nearly inactive below pH 6.0. Both are inhibited by EDTA; 
uterine enzyme, however, is irreversibly inhibited by the che- 
lating agent whereas tadpole collagenase is not. Cysteine in- 
hibits tadpole enzyme activity but not that of the uterus. Both 

272 J E F F R E Y  A N D  G R O S S  



V O L .  9, N O .  2, J A N U A R Y  20 ,  1 9 7 0  

enzymes have high molecular weights (>50,000) although the 
uterine enzyme may be somewhat larger. Both enzymes catalyze 
an attack at a single locus on the collagen molecule one- 
quarter of the full molecular length from the "B' end at tem- 
peratures below that of the substrate denaturation. The 
uterine enzyme, however, is also capable of catalyzing further 
breaks in undenatured TCt5 whereas tadpole collagenase is 
not. The possibility of multiple enzyme activities in the semi- 
purified uterine preparation is not yet fully ruled out. There is 
no loss of helical content, but there is a significant decrease in 
the stability to heat of the fragments in solution. Both tadpole 
and uterine enzymes are capable of further degrading the sub- 
strate to much smaller polypeptides at 37' after thermal de- 
naturation of the products of initial cleavage. 

It is not possible at this time to unequivocally impute the 
complete degradation of the collagen molecule at 37' to a 
single enzyme in our sernipure preparations. It is possible that 
very low levels of other proteolytic enzymes are present in 
these enzyme solutions. The fact that EDTA prevents further 
degradation at 37", of products formed at 25 or 28", and that 
no measureable caseinolytic activity is present in the prepara- 
tion suggests, however, that the collagenolytic enzyme itself 
does act upon the denatured products of initial cleavage. 

It appears, then, that there is a small number of sites on the 
native collagen molecule with different degrees of susceptibil- 
ity to attack by the uterine enzyme. At physiologic tempera- 
ture the large products of the initial cleavages denature, ex- 
posing large numbers of susceptible bonds, since at 37" col- 
lagen molecules in solution or in fibrils are rapidly degraded 
to small dialyzable peptide fragments. It is probable that the 
reactions observed at lower temperatures are identical with 
the initial reactions catalyzed at physiologic temperature, ex- 
cept that the rates are slowed sufficiently at lower temperature 
for the processes to be separated. There may be three highly 
localized regions of differing susceptibility to enzymatic attack 
in the native molecule, which might depend upon sharply 
localized loosening of the helix; the extensive digestion of corn- 
pletely denatured collagen is suggestive of this. 

Recently Kuhn and Egg1 (1966) have reported on the action 
of CI. hisrolyticum collagenase on collagen at low temperature, 
which contrasts sharply with that of vertebrate collagenases. 
The earliest activity of the bacterial enzyme is the removal of a 
small section from the "A" end of the collagen molecule, and 
the subsequent attack on the " B  end differs significantly 
from that catalyzed by uterine, tadpole, and other mammalian 
enzymes thus far isolated. 

The uterine collagenase, in common with those from human 
synovium and skin and the amphibian collagenases, could not 
be extracted directly from the tissue, but was found only in the 
medium of living cultures; freezethawing the tissue abolished 
activity. Thus, it would appear that these enzymes are synthe- 
sized de nouo, perhaps as needed, and not stored for later re- 
lease. 

References 

Bennick, A ,and Hunt, A. M. (1967), Arch. OralBiol. 12, 1. 
Beutner, E. H., Triftshouse, C., and Hazen, S. P. (1966). 

Proc. Soc. Exptl. B i d .  Med. 121, 1082. 
Eisen, A. 2. (1967),J. Clin. Inuest. 46, 1052. 
Eisen, A. Z., and Jeffrey, J. J. (1969), Biochim. Biophys. Acto 

(in press). 

FIGURE 9: Electron micrograph of oriented ribbons of segment long 
spacings formed from fragments of the collagen molecule at the 
"B" end, designated TC". Stained with uranyl acetate. Magnifica- 
tion 35,000 X. Insert enlarged from region outlined, 100,000 X. 

Eisen, A. Z., Jeffrey, J. J., and Gross, J. (1968), Biochim. 

Evanson, J. M., Jeffrey, J. J., and Krane, S. M. (1967), 

Evanson, J. M., and Krane, S. 1M. (1968), J. Clin. Incest. 

Fullmer, H. M., and Gibson, W. (1966), Nature 209,728. 
Fullmer, H. M., and Lazarus, G .  S. (1967), Israel J .  Med. 

Grillo, H. C. ,  and Gross, J. (1967), Deu. Bid. 15, 300. 
Grillo, H. C., Lapiere, C. M., Dresden, M. H., and Gross, J. 

Gross, J. ,  and Lapiere, C. M. (1962), Proc. Natl. Acad. Sci. 

Gross, J., and Nagai, Y. (1965), Proc. Natl. Acad. Sci. U. S. 

Hodge, A. J., and Schmitt, F. 0. (1960), Proc. Narl. Acad. 

Jeffrey, J. J., andGross, J. (1967), Fed. Proc. 26, 670. 
Kang, A. H., Nagai, Y., Pier, K. A., and Gross, J. (1966), 

Kiihn, K., and Eggl, M. (1966), Bioclrern.Z. 744,215. 
Lazarus, G. S., Daniels, J. R., Brown, R. S.,  Bladen, H., 

and Fullmer, H. M. (1968), J. Clin. Inuest. 47,2622. 
Nagai, Y . ,  Gross, J., and Piez, K. A. (1964), Ann. N .  Y. 

Acad. Sci. 121,494. 
Nagai, Y . ,  Lapiere, C. M., and Gross, J. (1966), Biochemistry 

5, 3123. 
Riley, W. B., Jr., and Peacock, E. E., Jr. (1967), Pror. Sac. 

Exptl. Biol. Med. 124,207. 
Sakai, T., and Gross, J. (1967), Bioclreinistry 6, 518. 
Walker, D. G., Lapiere, C. M., andGross, J. (1964), Bioclrenr. 

Biophys. Acta 151,637. 

Clin. Res. IS, 293. 

47,2639. 

Sci. 3,758. 

(1968), Deu. Biol. 17,571. 

U. S. 48,1014. 

54,1197. 

Sci. U. S. 46,186. 

Biochemistry 5,509. 

Biophys. Res. Comfnun. 15, 397. 

C O L L A G E N A S E  F R O M  R A T  U T E R U S  273 


