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INFILTRATION BY LEUKOCYTES in inflammatory conditions
is frequently associated with collagen degradation. Resorption of
collagen occurs during abcess formation, when large numbers of
granulocytic leukocvtes are present. Leukocvtes have been shown
to be responsible for the basement membrane degradation seen in
such immunologic phenomenon as the arthus reaction and the
arteritis of serum sickness." Extracts of polvmorphonuclear leukocvtes
are capable of digesting human renal basement membrane and
causing damage to vessel walls in rabbit skin.> These observations
imply that granulocytes have a mechanism for degrading collagen.

The mechanisms by which collagen is degraded have required eluci-
dation, since collagen is quite resistant to degradation by most pro-
teolytic enzymes. In 1962 Gross and Lapiere® described the first
animal collagenase; this enzyme was found in the medium of tissue
cultures of metamorphosing tadpole tails. Subsequently, collagenase
was demonstrated in tissue culture fluids from: skin,** synovium from
patients with rheumatoid arthritis,’>** synovial fluid from patients with
rheumatoid arthritis,* involuting postpartum rat uterus,”® bone of
various species,”*® human gingiva,>** crab hepatopancreas,* human
middle ear cholesteotoma,® cornea **** and carageenin granuloma.®

The study of collagenases requires some understanding of the bio-
chemical characteristics of collagen. I will, therefore, review super-
ficially some of the relevant aspects of collagen biochemistry. Tropo-
collagen molecules have a molecular weight of 300,000 and are 3000 A
in length and 15 A in width.*® These molecules are composed of three
polypeptide chains, each of 100,000 molecular weight. The chains are
referred to as a chains and they are characterized by the repeating
glycine-X-Y triplet which is necessary for helix formation. There are
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significant differences between constituent ¢ chains, so that in most
species at least two types are separable by chromatography.**** These
a chains may be covalently cross-linked through the lvsvl residue at
the fifth position from the A- or N-terminal end of the molecule, to
form two-chain components (f§), and three-chain components v.** The
cross-link area is further characterized by a lack of polvproline helix,*
which makes this area especiallv susceptible to degradation by certain
proteases which are not true collagenases.

Denaturation of collagen is the conversion of this rigid, tightlyv
coiled, three-chain molecule to a random coil called gelatin. Collagen
can be denatured by treating it with chemicals or by heating it to a
sharply defined temperature. For solutions of salt-extracted rat skin
collagen, this temperature is 37 C.** The possibility of denaturation
of collagen solutions at physiologic temperature precludes their use
in the studv of collagenases. However, it is not generally appreciated
that, even at temperatures as low as 25 C, collagen in solution is
susceptible to degradation by several proteolvtic enzymes.*!**

Individual collagen molecules secreted by fibroblasts aggregate
into fibrils so that the molecules lie parallel to each other and over-
lap by one-quarter of their length. The organization into fibrils is
governed by electrostatic forces, so that positive and negative charges
on adjacent tropocollagen molecules neutralize each other.** Fibrils
are stabilized further by intermolecular cross-links based on aldehvdes
derived from lysine and hydroxylysine.** Collagen fibrils are ex-
tremely stable; if they are not heated above their shrinkage temperature,
constituent collagen molecules are degraded onlv by collagenases at
37 C.

Collagenases are enzymes capable of cleaving native collagen
molecules through their characteristic helical portion. Almost all
collagenases are also capable of degrading collagen molecules that
have been stabilized into fibrils under physiologic conditions. Enzvmes
such as trypsin are not considered collagenases, since they only
degrade an end of the native collagen molecule.** Finally, degradation
of synthetic collagen peptides is not proof of collagenase activity;
the purified collagenases do not degrade the synthetic collagen sub-
strate, but associated peptidases are responsible for synthetic peptide
hvdrolysis.****

The enzyme found in the medium of tissue cultures of metamorphos-
ing tadpole tails was the first collagenase described, and its mechanism
of action has been extensively investigated.>*-**=* Tadpole collagenase,
under physiologic conditions of temperature and pH, cleaves the col-
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lagen molecule three-quarters of the wav from the N-terminal end
(Text-figure 1).7* The resulting N-terminal three-quarter-length product
is referred to as TC* and the C-terminal one-quarter-length product
is designated TC®. These products maintain their helical conformation
in solution at 28 C and, as a consequence, the reaction is characterized
by a fall in relative viscosity and no change in optical rotation.** The
products can be induced to form SLS aggregates and can be studied
electron microscopically,* or they can be evaluated by acrylamide gel
electrophoresis.”* The tadpole collagenase requires calcium, is inhibited
by EDTA and cysteine and is unaffected by diisopropylfluorophosphate.
Using an antibody to highly purified tadpole collagenase, Harper et al **
have detected immunologically reactive, but enzymologically inactive,
collagenase zvmogen in tadpole homogenates.® In homogenates of hu-
man skin, Eisen et al* demonstrated the presence of enzymologically
inactive collagenase by immunologic methods. They were able to restore
enzymatic activity to their immunologicallv detected collagenase by
chromatographically separating the collagenase from serum collagenase
inhibitors in tissue homogenates. These data demonstrate that collage-
nase is present in vico and could be of significance in connective tissue
catabolism.

In our initial studies with human leukocytes we employed the radio-
active, reconstituted collagen fibril assay system.*® In this technic,
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TexT-FIc 1—Diagrammatic representation of the collagen molecule and the pieces
resulting from digestion with tadpole collagenase. The minor helix of the individual chains
is not shown; the major helix is not to scale. The letters A and B refer to the designations
employed in electron microscopy to distinguish the ends of the molecule. In a sample of
extractable collagen, some molecules would be crosslinked between al and a2, as shown:
others between the two al chains and some not at all. The denatured products would
than include a2A and 3A11 in addition to those shown (From Kang et al, 1966 51).
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radioactive collagen fibrils are prepared from a solution of highly puri-
fied “*C-glycine-labeled acid extracted native collagen.”” These fibrils
are then incubated with the material to be tested at 37 C. After a
suitable period of time, the fibrils are removed by filtration or cen-
trifugation;'*** the amount of radioactivity in the clarified solution re-
flects peptide reaction products and solubilized collagen molecules. All
experiments include assays of buffer blanks and trypsin controls, which
indicate the extent of nonspemﬁc proteolvtic breakdown of collagen
fibrils. We found that human granulocvtes, prepared according to the
methods of Cohn and Hirsch,** were capable of degrading 21% of our
collagen fibrils. Activity was found primarily in the granule fraction
of the leukocytes. Similar results were obtained with 99% pure granulo-
cyte preparations from patients with chronic granulocytic leukemia.
Normal human lymphocytes or rabbit alveolar macrophages had little,
if any, collagenase activity.>**® Since our enzyme preparation was ex-
ceedingly unstable, the collagenase had to be purified.

During purification, it became obvious that, although our collagenase
was capable of specifically cleaving the collagen molecule into TC*
and TCP fragments (Figure 1), it had lost its ability to cleave recon-
stituted collagen fibrils. As a consequence, Dr. Daniels designed an
assay which directly measured the formation of TC® products.’** He
incubated a solution of radioactive collagen with the enzyme prepara-
tion at 25 C and terminated the reaction by adding urea. "The material
was then separated by acrylamide gel electrophore31s and stained with
Coomassie blue. The segment of gel containing the TC® fragment was
removed, solubilized in H:0: and counted. All kinetic experiments
measured initial velocity and were performed at saturating substrate
conditions.

Leukocytes were separated from red cells bv centrifugation,
sedimentation in dextran and hypotonic hemolysis. From this point
all procedures were carried out at 4 C. The white cells were then
washed in 0.34 M sucrose, homogenized and a pellet containing
both nuclei and granules was collected. This pellet was sonicated
and the supernatant from a 78,000g 60-minute centrifugation was
collected.”® The enzyme preparation was applied to a diethvlamino-
ethyl cellulose column, at pH 8.5, and eluted with a linear salt gradient.>
The fractions containing activity were pooled, concentrated bv
ammonium sulfate precipitation, and apphed to a column of Bio-
Gel A-0.5M and eluted with Tris buffer, pH 7.8, containing 250 mM
NaCl* The active fractions were pooled and used for study. This
partially purified material was able to hvdrolyze 335 pmoles of colla-
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gen per milligram of enzvme protein at pH 7.8 and 25 C per hour.
The exact purification of our enzvme was impossible to calculate,
since the starting material was unstable during assay conditions.
Its elution position from the agarose column, between bovine serum
albumin and ovalbumin, suggested a Stokes radius compatible with
a molecular weight of approximately 60,000. The enzvme prepara-
tion did not hvdrolvze purified insulin A chain, insulin B chain or
carboxymethvlated bovine pancreatic ribonuclease.

The collagenase was able to effect a 65% reduction in relative
viscosity without a detectable change in optical rotation.>” This
indicated that the overall helical structure of the TC* and TC® pieces
had been maintained. Electron micrographs of SLS formed from
reaction products revealed fragments of 2750 and 2150 A which sug-
gests that the electron microscopic site of cleavage was identical
to that of the other human collagenase (Figure 2).°" In addi-
tion, Bauer et al' have shown that there is a line of complete
identitv between granulocvte extracts and highlv purified human
skin collagenase when immunodiffusion is performed with an anti-
serum to purified human skin collagenase.

The enzyme showed maximal activity against native collagen be-
tween pH 7 and pH 8°" It was 50% inactivated after 80 minutes
at 37 C. Hydrolysis was markedlv effected bv temperature, and there
was a 50% increase in velocitv when the temperature was raised
from 21 to 25 C.** Compounds with free sulfhydryl groups, such as
cysteine and p-penicillamine, were markedly inhibitoryv. The addition
of 5,5-dithiobis-2-nitrobenzoic acid (DTNB) or p-chloromercuri-
benzoate (PCMB) markedly activated collagenase activity.®® In
recent experiments with a 150-fold purified rabbit skin collagenase,
1 mM p-chloromercuribenzoate increased collagenase activitv by
a factor of 2.%

Incubation of denatured collagen or gelatin with partiallv purified
granulocvte enzyme produced a complex pattern on acrvlamide
gel electrophoresis. The TC® fragment was extremelv prominent
but multiple bands suggest that denaturation exposes new sites for
enzyme action.®

There are several significant differences between granulocvte col-
lagenase and other reported human collagenases. First, purification
of the granulocyte enzyme results in loss of ability to degrade col-
lagen fibrils (Figure 1); this implies that specific cleavage of the
collagen molecule into TC* and TC® fragments does not guarantee
dissolution of collagen fibrils. The mechanism by which granulocytes
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degrade collagen fibrils must therefore involve additional proteolvtic ac-
tivity. This impression is strengthened by observations with crude
granulocyte extracts. Incubations with crude material result in
extensive fibril lysis and complex patterns on acrvlamide gel electro-
phoresis (Figure 1). The second, somewhat unique, propertv of the
granulocyte enzyme is that it is not inhibited by human serum. The «2-
macroglobulins and ql-antitrypsin inhibitor have been shown to be
capable of inhibiting most collagenases,® with the exception of the
heavy synovial fluid collagenase® and the granulocyte enzvme.
The addition of serum to the crude granule preparation inhibits
fibril lysis and simplifies the acrylamide gel electrophoresis pattern
to that seen with partially purified granulocyte collagenase (Figure
1). Such a phenomenon suggests that serum is inhibiting the non-
specific proteases which work in association with collagenase to
effect fibril lysis. Similar results can be obtained bv adding the in-
activated postgranule supernatant fraction from human polymorpho-
nuclear leukocytes and 1 mM diisopropylfluorophosphate. There are,
therefore, two distinctive systems involved in granulocyte-mediated
collagenolysis (Table 1).

The specific collagenase, which cleaves collagen into TC* and TC®
pieces, is inhibited by EDTA and cysteine. The nonspecific proteoly-
tic system is inhibited by human serum inactivated postgranule
supernatant or cytosol and DFP; it is partially inhibited, as judged
by simplification of the acrylamide gel electrophoresis pattern towards

Table 1—Differentiation of Collagenolytic Systems in Human Granulocytes by the Use of
Inhibitors*

Specific collagenase Nonspecific protease
inhibition inhibition
Cysteine 10 mM + 0
EDTA 10 mM + 0
Human serum 7% 0 +
Inactivated post- 400 ug 0 +
granule supernatant
DFP 1mM 0 +
Soya bean 250 ug 0 partial
trypsin inhibitor
TLCK 0.3mM 0 partial
TPCK 0.3mM 0 partial
Pepstatin 25 ug 0 0

* Incubations included 800 ng of collagen, 400 ug crude granule protein, and listed final
concentration of inhibitor in 600 ul of 50 mm Tris pH 7.0, containing 15 mM CaCl. + 325 mM
NaCl, 20 hours at 25C. Effects studied by acrylamide gel electrophoresis.
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that found with purified granulocyte collagenase, by sova bean trvpsin
inhibitor, tosylphenylalanyl chloromethylketone (TPCK) and tosvl-
lvsyl chloromethvlketone (TLCK). Barrett and Dingle have shown
that pepstatin is a potent new inhibitor of acid proteinases, including
cathepsin D.*** Complete inhibition of the 6 units®* of cathepsin
D/10° leukocytes, in our preparations, by pepstatin did not in-
fluence collagen degradation. This is explained by the data of Harris
et al® and our own,” which demonstrate that cathepsin D is only
capable of cleaving the cross-link area of denatured collagen and
does not hydrolyze the peptide chain.

The leukocyte postgranule supernatant fraction or cvtosol does
not inhibit the specific collagenase. Although cytosol itself is in-
capable of degrading collagen fibrils, its addition (750 pg/ml final
concentration) to a 150-fold, purified, rabbit-skin collagenase prep-
aration caused fibril lysis to double from 40 to 80% (Table 2).* This
facilitation could be prevented by the addition of 1 mM diisopropyl
flourophosphate. The cytosol, therefore, contains an enzvme which
assists collagenase in degrading collagen fibrils. If this cyvtosol helper-
enzyme is inactivated by incubation with 1 mM diisorpropyl fluoro-
phosphate, or by heating to 75 C for 20 minutes, the addition of
cytosol to crude granule preparations inhibits the nonspecific protease
system, and a pattern of specific TC* and TC® pieces is seen on
acrylamide gel electrophoresis (Figure 1). The cvtosol, therefore,
contains an inhibitor of the nonspecific protease system found in,
granules, as well as an enzyme capable of facilitating collagen-de-
gradation by specific collagenase. The nonspecific granule protease
svstem, therefore, has striking similarities to the granulocvte elastase
system described by Janoff.>¢"%® It also has some characteristics in

Table 2—Effect of Human Granulocyte Cytosol on the Fibril Degrading Activity of Partially
Purified Rabbit Skin Collagenase

Fibril lysis

Preparation (%)
Cytosol 4
Skin collagenase 44
Skin collagenase + DFP 1 mM 4
Skin collagenase 4 cytosol 80
Skin collagenase + cytosol + DFP 1 mM 41
Trypsin 25 ug 4

Incubations included 200 ng of reconstituted collagen fibrils, 12.5 ug of skin collagenase
protein, 7.5 ug of cytosol protein, 1 mM DFP final concentration, in 300 ul of 50 mM Tris
butfer pH 7.4 containing 5 mM CaCl. and 100 mM NaCl, 20 hours at 37 C.
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common with the neutral proteinase found in rabbit leukocvtes by
Davies et al.”

The specific collagenase, which hvdrolyses collagen to TC* and
TC® fragments, is an essential part of ‘the mechanism by which
granulocytes degrade collagen. When crude granulocvte prepara-
tions are incubated with 1 mM p-chloromercuribenzoate, the
partially puriﬁed granulocvte collagenase is activated and collagen
fibril lysis is increased by 50 to 100%. Inhibition of collagenase by the
addition of 10 mM cysteine or 10 mM EDTA decreases fibril lvsis bv
approximatelv 50%.

Recently, we have used verv fresh granule preparations, washed
to remove cvtosol inhibitor. These preparations have been more
active than previous ones, and they were capable of degrading over
30% of our collagen fibrils. The addition of cvsteine and EDTA in
quantities sufficient to totally inhibit granulocvte collagenase in-
hibited fibril lvsis by only 50%. Furthermore, acrvlamide gel elec-
trophoresis patterns, obtained from incubations of collagen solution
with crude granulocyte preparations in which collagenase had been
inhibited by EDTA and cysteine (pH 7.0, 25 C), revealed f to «
conversion and multiple bands. This pattern indicates that the non-
specific protease has cleaved the cross-link area and partially de-
graded the collagen chain. These data suggest that the nonspecific
protease svstem might be capable of limited, independent collagen
hydrolysis. Such a possibility is strengthened by Janoff's observation
that the granulocyte elastase complex can solubilize bovine achilles
tendon collagen.? Further studies with purified enzvmes should clarify
the role of the nonspecific svstem in collagen degradatlon

The mechanisms by which leukocytes degrade collagen are quite
complex. The granule fraction of granulocytes contain a specific
collagenase which cleaves collagen in solution into the characteristic
TC* and TC® fragments, but is unable to solubilize collagen fibrils.
The specific granulocyte collagenase is inhibited by EDTA and
cyvsteine, but not by serum, cyvtosol or diisopropyl fluorophosphate.
Granulocytes also contain a protease system which is inhibited by
serum, inactivated cytosol and diisopropyl fluorophosphate. This pro-
tease(s) is capable of degrading specific products of collagenase
activity, the TC* and TC® fragments, and may also be capable of
limited independent collagen hydrolysis. Both specific collagenase
and nonspecific protease are necessary for maximal collagen degra-
dation. In addition, noncollagenase granulocyte proteases, such as
Cathepsin D, might facilitate collagen catabolism by degrading the



Vol. 68, No. 3 GRANULOCYTE COLLAGENASE IN COLLAGEN DEGRADATION 573
September 1972

matrix glvcosaminoglvcans and glvcoproteins, thus expediting con-
tact between the granulocvte collagenolvtic system and collagen
fibrils. The granulocvte, with its specific collagenase and its com-
plement of other proteases, is admirably suited to the complex task
of collagen catabolism.

Summary

The granule fraction of human granulocytes contains a specific
collagenase which cleaves collagen molecules into characteristic TC*
and TC® fragments. This specific collagenase is incapable of solubilizing
collagen fibrils. Leukocyte granules also contain a second protease
svstem capable of degrading specific products of collagenase activity
and also may be capable of limited independent collagen hyvdrolysis.
Both the specific collagenase and the nonspecific protease are
necessary for maximal collagen fibril degradation.
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Fig 2—Comparison of SLS aggregates from collagen incu-
bated with partially purified granulocyte collagenase (left)
and heat-inactivated granulocyte collagenase (right). The SLS
formed after incubation with active enzyme is missing the
carboxy terminal one-quarter of the molecule (From Lazarus
et al, 1968%).



