
Proc. Natl. Acad. Sci. USA
Vol. 74, No. 3, pp. 897-901, March 1977
Biochemistry

Granulocyte collagenase: Selective digestion of type I relative to
type III collagen

(neutrophil/fibroblast/tissue inflammation/connective tissue)

ALLEN L. HORWITZ, ALLAN J. HANCE, AND RONALD G. CRYSTAL*
Pulmonary Branch, National Heart, Lung, and Blood Institute, Bethesda, Maryland 20014

Communicated by Donald S. Fredrickson, December 15, 1976

ABSTRACT Collagenases produced by human polymor-
phonuclear leukocytes, human lung fibroblasts, and rabbit
pulmonary alveolar macrophages were compared in their ability
to digest soluble native type I and type III collagens. While the
fibroblast and macrophage collagenases attacked the two sub-
strates at approximately equal rates, the leukocyte collagenase
attacked type I collagen preferentially (15:1) in comparison to
type III collagen. This was true with human or rabbit collagen
substrates. Thus, proteolysis of collagen, particularly in acute
inflammation, may have a significant role in controlling the
types of collagen present in connective tissue.

The interstitial structure of many tissues includes two distinct
collagens, termed types I and III (1, 2). Not only is the relative
proportion of the two types different in different tissues (3), but
the ratio of type I to type III in the same tissues has been found
to vary during development (2, 4, 5), in certain diseases (6, 7),
and in inflammation and repair (8-10). This is of general im-
portance to organ function, because the relative proportion of
the two collagen types appears to have a major influence on
tissue mechanical properties. For example, in pliable, compliant
tissues (aorta, spleen, lung, small intestine), there are significant
proportions of type III collagen, while in rigid tissues (bone,
tendon) there is only type I (3). With age, the I/III ratio of
human skin markedly increases (2), with concomitant decreases
in skin compliance. In diseases associated with fibrosis [e.g.,
atherosclerosis (6), pulmonary fibrosis (7)], there is a shift in the
balance of collagen types, resulting in an increase in the pro-
portion of type I; this change is accompanied by a loss of tissue
compliance and normal organ function.
The amount of collagen found in any organ depends on a

balance of collagen synthesis and degradation. Under the
physiologic conditions of the extracellular milieu, the latter is
attributed to the action of collagenases, enzymes that specifi-
cally attack native collagen (11). Although collagen synthesis
is presumed to be important in the control of the relative
amounts of type I and type III collagen found in a tissue (4, 5),
collagenase is not, since in all cases studied, collagenases have
been found to degrade these two collagen types at the same rate
(12, 13). Thus, even if tissues were to change the amount of
collagenase available to attack collagen, there is, as yet, no ev-
idence that the relative proportion of collagen types I and III
would alter.
However, during the inflammatory process, the cellular

composition of an organ changes, in part due to the appearance,
first, of polymorphonuclear leukocytes and, later, mononuclear
cells. In this report, we present data suggesting that the colla-
genase from acute phase inflammatory cells (polymorphonu-
clear leukocytes) is relatively ineffective in digesting type III
collagen, while the collagenase from tissue cells (fibroblasts) and

late stage inflammatory cells (macrophages) digests type I and
type III collagen equally well, thus suggesting an important
mechanism for controlling the composition of the extracellular
matrix in disease.

MATERIALS AND METHODS
Preparation of Collagenases. Human blood polymorpho-

nuclear leukocytes (PMN) were isolated by sedimentation
through Hypaque-Ficoll followed by dextran sedimentation
(14, 15). Over 99.5% of the isolated cells were PMN and the
preparations were free of platelets and mononuclear cells as
judged by stained smears. The PMN were washed with phos-
phate-buffered saline and plated (2 to 5 X 105 cells per cm2) on
plastic tissue culture dishes in serum-free Dulbecco's modified
Eagle's medium. After 24 hr, the medium was collected, con-
centrated 50-fold by dialysis against Aquacide II (Calbiochem),
and dialyzed against buffer for the collagenase assay (50 mM
Tris-HCI at pH 7.4,5 mM CaCI2, 200 mM NaCl).
Human lung fibroblast collagenase was prepared from the

medium of confluent monolayers of diploid human fetal lung
fibroblasts (HFL-1) derived from a 16-week-old fetus. Medium
from subcultivation 10 at cell density 107/100 mm plate was
concentrated 50-fold by dialysis against Aquacide II and di-
alyzed against the buffer for the collagenase assay. Under these
conditions, all of the fibroblast collagenase was in a latent form
and it was necessary to activate the enzyme with trypsin by a
modification of the method of Bauer et al. (16). Trypsin (100
gg/ml; twice crystallized, Sigma) was added to the latent en-
zyme and the mixture was incubated at 250 for 20 min. The
trypsin was then inactivated by the addition of soybean trypsin
inhibitor (500 ,g/ml) and the active enzyme was dialyzed
against the buffer for the collagenase assay. Trypsin activity
(17) was absent from the final collagenase preparation.

Rabbit pulmonary alveolar macrophages were isolated by
lavage of lungs of an inbred strain of adult New Zealand White
rabbits (B and H Rabbitry, Rockville, Md.) and the cells were
plated as previously described (18). Medium (modified Eagle's
medium without serum) between 24 and 48 hr in culture was
collected, concentrated by dialysis against Aquacide II, and
dialyzed against buffer for the collagenase-assay.

All enzymes were stored at -195° without loss of activity for
greater than 6 months.

Preparation of Substrates. All collagenase assays were
performed using labeled soluble native collagen substrates
prepared from confluent monolayers of either newborn rabbit
lung fibroblasts (NB-6) or fetal human lung fibroblasts (HFL-1)
in subeultivation 15 (NB-6) or 10 (HFL-1). The cells were in-
cubated in serum-free modified Eagle's medium with [3H]
proline (31 Ci/mmol, 50,uCi/ml), j-aminopropionitrile (0.5
mM), and ascorbic acid (0.3 mM) for 24 hr and radioactive type
I procollagen and type III procollagen were isolated from the
medium using diethylaminoethyl-cellulose chromatography
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FIG. 1. Fluororadiogram of sodium dodecyl sulfate/acrylamide gel electrophoresis of rabbit type I [3H]collagen and type III [:3Hlcollagen
incubated with rabbit alveolar macrophage, human lung fibroblast, and human polymorphonuclear leukocyte collagenases. (A) Rabbit type
I collagen substrate. Each incubation contained 15 X 104 dpm of rabbit [3H]proline-labeled type I collagen in 50 MAl together with no enzyme

(NO), 0.28 gg of pulmonary alveolar macrophage collagenase (PAM), 0.13 ,g fibroblast collagenase (FIB), 0.98 gg of polymorphonuclear leukocyte
collagenase (PMN), or 5,ug trypsin (TRY). The intact al(I) and a2 chains and the al(I)A, a2A, al(I)B, and a2B collagenase digestion products
of the type I substrate are indicated. (B) Rabbit type III collagen substrate. Each incubation was identical as with the type I substrate. In addition,
the type III substrate was incubated with 0.98 ,g of PMN collagenase after pretreatment of the collagenase with trypsin (PMN-TA) (2 ,g/ml
trypsin for 20 min at 250 followed by the addition of 10 Mg/ml soybean trypsin inhibitor). Intact al(III) chains and the al(III)A and al(III)B
collagenase digestion products of the type III substrate are indicated.

(19). The labeled procollagens were dialyzed against 0.5 M
acetic acid, converted to type I and type III collagen with
limited pepsin digestion (100 ,ug/ml, 40, 16 hr), and dialyzed
against the buffer for the collagenase assay. Labeled rabbit and
human collagens prepared in this matter were 100% pure type
I and >98% pure type III, respectively, based on sodium do-
decyl sulfate/acrylamide gel electrophoresis and cyanogen
bromide peptide analysis (19). The final [3H]proline-labeled
collagen substrates had the following specific activities: rabbit
type 1, 5.9 X 105 dpm/,ug; rabbit type III, 5.5 X 105 dpm/,ug;
human type I, 5.1 X 104 dpm/,ug; and human type III, 4.9 X
104 dpm/,ug.
The sedimentation velocity profiles of the collagen substrates

were determined with sucrose gradient analysis (5-20% sucrose

gradients in 50 mM Tris-HCI at pH 7.4,5 mM CaC12, 200mM
NaCl). Each sample, in the same buffer, was layered on a gra-
dient and centrifugation was carried out in an SW 41 rotor
(Beckman Instruments) at 40,000 rpm for 22 hr at 24°. Fol-
lowing centrifugation, 0.3 ml fractions were collected and their
radioactivities were measured in Aquasol (New England Nu-
clear) with an efficiency of 30%. Standards of chymotrypsi-
nogen (s20ow = 2.6 S) and bovine serum albumin (s20o, = 4.2 S)
were detected by measurement of absorbance at 280 nm.

Collagenase Assays. All assays were carried out in 50,l final
volume in 50 mM Tris-HCI at pH 7.4, 5 mM CaC12, 200 mM
NaCl for 14 hr at 24° using 15 X 104 dpm rabbit type I, 15 X
104 dpm rabbit type III, 18 X 104 dpm human type I, or 18 X
104 human type III as substrates. Following incubation, 15 ,ul
of the incubation mixture was heated to 60° for 30 min in the
presence of 1% sodium dodecyl sulfate/0. 1% 2-mercaptoeth-
anol and then subjected to sodium dodecyl sulfate/acrylamide
slab gel electrophoresis (200 V, 3.5 hr, 10% acrylamide/0. 1%
bisacrylamide with a 2.5% acrylamide/0.625% bisacrylamide
stacking gel) using a discontinuous buffer system (20). Fol-
lowing electrophoresis, the gels were dried and fluororadi-
ograms were prepared. Under the conditions used, the band
densities of the fluororadiograms were proportional to the
amount of radioactivity present (21). Quantitative values for
the bands representing labeled material were determined by

densitometry using a Gilson spectrophotometer equipped with
a scanning device.
The following protease inhibitors were used to evaluate the

collagenases: ethylenediaminetetraacetate, dithiothreitol,
phenylmethylsulfonylfluoride, N-ethylmaleimide, bovine
trypsin-kallikrein inhibitor (Aprotinin, Sigma), bovine serum
albumin, human serum, and human al-antitrypsin (Worth-
ington).

RESULTS

Under the conditions used, rabbit type I collagen [composed
of two alI(I) chains and one a2 chain] was digested by human
fibroblast, human PMN, and rabbit macrophage collagenase
into specific fragments designated a1(I)A and a(I)B for the alI(I)
chain and a2A and a2B for the a2 chain. As expected for ver-

tebrate collagenases, these fragments are approximately 75%
("A" fragment) and 25% ("B" fragment) of the original mole-
cule (11). Rabbit type I collagen was not susceptible to attack
by trypsin (Fig. IA). Similar results were found using human
type I collagen as the substrate (Fig. 2A). As reported for other
vertebrate collagenases, the attack of type I collagen by fibro-
blast, PMN, and macrophage collagenases could be inhibited
by ethylenediaminetetraacetate, dithiothreitol, and human
serum, but not by phenylmethylsulfonylfluoride, N-ethyl-
maleimide, bovine trypsin-kallikrein inhibitor, bovine serum
albumin, or human al1-antitrypsin (Table 1) (11).

However, when type III collagen was used as the substrate,
there were striking differences between PMN collagenasp and
fibroblast or macrophage collagenase. Under the conditions
used, it appears that human fibroblast and rabbit macrophage
collagenases easily digest type III collagen into the expected
al(III)A and a1(III)B pieces. In comparison, the same amounts
of PMN collagenase that readily digested the type I rabbit
substrate barely cleaved the type III rabbit substrate (Fig. 1B).
This was not because some of the PMN collagenase was in a

latent form, since attempts to activate the PMN collagenase
with trypsin gave the identical result. However, in contrast to
rabbit type I substrate, the rabbit type III collagen was partially
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FIG. 2. Fluororadiograms of sodium dodecyl sultate/acrylamide slab gel electrophoresis of human type III [3H]collagen incubated with
human fetal lung fibroblast (HFL-1) collagenase or human polymorphonuclear leukocyte (PMN) collagenase. (A) Type I [3H]collagen (18 x
104 dpm) was incubated with: (NO = no enzyme), 2.5, 5, or 20 gl of HFL-1 collagenase (0.026 Ag/ul); 2.5, 5, or 20 A1 of concentrated PMN collagenase
(0.195 Mug/Ml); TA = 1.2MA (0.23 Mg) of trypsin-activated PMN collagenase (trypsin 10 ,g/ml, 20 min, 230, followed by soybean trypsin inhibitor
at 50 Mg/ml); or T = 2 Mg trypsin. Intact al(I) and a2 chains and the collagenase digestion products al(I)A, a2A, al(I)B, and a2B of the type I
substrate are indicated. (B) Type III [3H]collagen substrate (18 X 104 dpm) was incubated under identical conditions and enzymes as A and
the resultant products were electrophoresed on the same acrylamide slab as A. Intact al(III) chains and the collagenase digestion products
al(III)A and al(III)n of the type III substrate are indicated. The faint band beneath the type III collagen al(III) chains may be a2 chains from
minor contamination of the type III substrate with type I collagen. Quantitative scans of this region demonstrated that the total radioactivity
in the "a2" band was less than 2% of the total radioactivity in the al(III) band. Rabbit pulmonary alveolar macrophage collagenase digested
the human I and III substrates at the same rate (data not shown).

susceptible to trypsin, which cleaved it into two pieces, ap-
proximately 75% and 25% of the original molecule (Fig. 1B),
as described by Miller et al. (22).
The differences between the human fibroblast and PMN

collagenases in their attack of rabbit collagens I and III were
also seen when human types I and III collagens were used as the
substrates (Fig. 2B). When identical amounts of fibroblast
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collagenase were used against the human I and III substrates,
both were attacked at the same rate (Fig. 3A) and appeared to
have a similar spectrum of inhibition as with the type I substrate
(Table 1). However, when identical amounts of PMN collage-
nase were used against the two substrates, the PMN enzyme
attacked the type III collagen at 1/15 of the rate at which it
attacked type I collagen (Figs. 2B, and SB). Thus, under iden-
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FIG. 3. Effects of increasing amounts of human fibroblast and human polymorphonuclear leukocyte collagenases on human type I and

type III collagens. These data were derived from quantitative densitometric scans of the fluororadiograms of Fig. 2. Percent digestion was de-
termined from the densitometric scans by quantitating the area under the a, aA, and a] bands of al(I) (for digestion of type I collagen) and
al(III) (for digestion of type III collagen) using the formula. % digestion = 100 X [(area under aA) + (area under aB)]/[area under a]. (A) Digestion
of human type I (o) and type III (0) collagen by human fibroblast collagenase. (B) Digestion-of human type I (3) and type III (-) collagen by
human PMN collagenase. With rate-limiting quantities of fibroblast collagenase (0.05-0.07 Mg) approximately equal amounts of type I and
type III collagens were degraded; with rate-limiting amounts ofPMN collagenase (0.35-0.50 ig), 15 times more type I collagen was degraded
than type III collagen.
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Table 1. Effect of protease inhibitors on the cleavage of
types I and III human collagen by fibroblast and

polymorphonuclear leukocyte collagenasee*

Percent activity

Type III
Type I collagen collagen

substrate substrate

Fibroblast PMN col- Fibroblast
Additiont collagenase lagenase collagenase

Enzyme only 100 100 100
+ EDTA (10 mM) 0 0 0
+ DTT(10 mM) 0 0 0
+PMSF (2 mM) 100 100 100
+ NEM (10 mM) 100 100 100
+ BT-KI (10 U/ml) 100 100 98
+ BSA (8 mg/ml) 100 98 100
+ Human serum (5%) 0 30 0

(20%) 0 6 0
+a1-AT (1 mg/ml) 97 98 100

* Reaction mixtures of fibroblast or PMN collagenase with human
[PHlproline-labeled type I or type III collagen substrate were in-
cubated and electrophoresed as described in Materials and Meth-
ods. Fluororadiograms were prepared and integration of densito-
metric scans of the substrate was used to calculate the remaining
percent activity after addition of potential collagenase inhibitors.
The quantity of fibroblast collagenase used was sufficient to digest
90% of type I and type III collagen; this value was taken as 100%
activity. The quantity of PMN collagenase used was sufficient to
digest 90% of type I collagen; this value was taken as 100% activity.
Because PMN collagenase digested so little of the type III substrate,
quantitative studies with protease inhibitors could not be carried
out. The rabbit pulmonary alveolar macrophage enzyme demon-
strated the same spectrum of activity as the fibroblast enzyme with
these inhibitors (data not shown).

tAbbreviations: EDTA, ethylenediaminetetraacetate; DTT, di-
thiothreitol; PMSF, phenylmethylsulfonylfluoride; NEM, N-eth-
ylmaleimide; BT-KI, bovine trypsin-kallikrein inhibitor (Aprotinin,
Sigma); BSA, bovine serum albumin; al-AT, human al-antitrypsin
(Worthington).

tical conditions in which the collagen substrate is in excess, equal
amounts of PMN collagenase will cleave at least 15 times more
type I collagen than type III collagen.
The relative amount of digestion of type I and type III col-

lagen by PMN collagenase may be even greater than the 15 to
1 ratio suggested by the data in Fig. 3B. In the reaction mixtures
demonstrating the incubation of PMN collagenase with type
III substrate (Fig. 2B, slots 5-7), there were small amounts of
collagen fragments in the a2 region, suggesting some of the a1A
fragment could have been contributed by the action of PMN
collagenase on small amounts of type I collagen contaminating
the type III substrate. It is also possible that the small amount
of type III digested by PMN culture media was not due to the
same enzyme that attacked the type I substrate, but rather by
another collagenase or by a "trypsin-like" enzyme (22). How-
ever, the latter is unlikely, since known trypsin inhibitors such
as phenylmethylsulfonylfluoride and bovine trypsin-kallikrein
inhibitor did not affect the small amount of type III digestion
by PMN collagenase (data not shown).

In the evaluation of these studies, it is important to note that
the type I and type III substrates were both in the collagen form
rather than in aggregates, fibrils, or denatured. Both substrates
were resistant to pepsin, neither would precipitate when cen-
trifuged at 100,000 X g for 2 hr at 240, and both sedimented
at approximately 3.2 S (Fig. 4), corresponding to values pre-
viously reported for soluble collagen (23, 24).
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FIG. 4. Sucrose gradient sedimentation analysis of [3Hjproline-
labeled human type I and type III collagens used as substrates.
Standards of chymotrypsin (CHY) and bovine serum albumin (BSA)
are shown. Both type I (0) and type III (0) [3H]collagens sedimented
as single bands corresponding to an S20,w of approximately 3.2 S.

DISCUSSION

These studies suggest that, under the conditions used, fibroblast
and alveolar macrophage collagenases destroy type I or type
III collagen indiscriminately, but polymorphonuclear leukocyte
collagenase specifically cleaves type I collagen more rapidly
than type III collagen. The experiments were designed such that
it was possible to compare each collagenase against itself in its
action against collagen types I and III; however, because the
PMN and fibroblast enzymes were not pure, it is not possible
to compare the relative rates of attack of the two different en-
zymes against a single collagen type.

It is important to note that the finding of an apparent spec-
ificity of PMN collagenase for type I collagen in comparison
to type III collagen was not due to differences in the physical
state of the collagen substrates used in the assays: (i) both the
type I and the type III collagens were in a native, triple-helical
form, as demonstrated by resistance to attack by pepsin and by
sucrose gradient sedimentation analysis; and (ii) both collagen
substrates migrated on reducing sodium dodecyl sulfate gels
as a chains, and thus neither contained lysine-derived covalent
crosslinks. In addition, even though the assay used soluble col-
lagen substrates, estimates of the specificities of fibroblast and
PMN collagenases for type I and type III collagens were made
only when the quantity of enzyme was rate limiting (Fig. 3).
Thus, the greater specificity of PMN collagenase for type I than
for type III collagen appears to be an enzyme specificity rather
than a result of a difference in the substrates. This is a very
different situation from the relatively slow attack of type II
collagen (compared to types I and III) by several collagenases,
because this "specificity" is considered to be due to the dif-
ference in the substrates rather than the enzymes (12, 13,
25-29).

There was no evidence that the PMN medium contained a
latent collagenase that would attack type III collagen (17), be-
cause concentrated PMN medium incubated with trypsin
(followed by inhibition of trypsin with soybean trypsin inhib-
itor) digested type III collagen no better than unactivated
medium (Figs. 1 and 2). Likewise, there was no evidence that
the PMN collagenase preparation contained an inhibitor to a
collagenase that attacks type III collagen, because a mixture of
fibroblast and PMN collagenases cleaved the type III substrate
at a rate equivalent to that due to the fibroblast collagenase
alone. Finally, a mixture of types I and III collagen was com-
pletely digested by fibroblast collagenase, but only the type I
component of the mixture was digested by PMN collagenase,

Proc. Natl. Acad. Sci. USA 74 (1977)
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indicating that the type III substrate did not contain an inhibitor
of collagenase (data not shown).
Even though there was a striking difference in the specifi-

cities of PMN collagenase and fibroblast collagenase, the two
enzymes responded to a spectrum of inhibitors in a similar
fashion (Table 1). The only exception was that PMN collagenase
was more resistant to serum inhibition, as has been observed by
others (11, 30). None of the collagenases tested was inhibited
by al-antitrypsin.
The data presented suggest that control of the location and

quantity of collagen types I and III in different organs may be
critically dependent on the ability of different cells to break
down specific collagen types at different rates. The collagenase
of the polymorphonuclear leukocyte, the first cell brought to
an inflamed area, markedly favors degradation of type I col-
lagen. This process may go unchecked, because PMN collage-
nase is relatively resistant to inhibition by serum inhibitors. At
later stages of inflammation, this specificity is probably lost,
because tissue (fibroblast) and/or macrophage collagenases
attack type I and type III collagens at the same rate. In oppo-
sition to the specific attack of type I collagen by PMN colla-
genase, there may be a release of (as yet undescribed) trypsin-
like enzymes that favor the destruction of type III collagen
during some phase of inflammation.

These findings suggest that the changes in the relative pro-
portions of collagen types I and III during inflammation and
healing (type III early, type I late) (8-10) may be controlled,
in part, by the collagenases present in the tissues. Thus, pro-
teolysis of collagen may have a significant role in the control
of the composition (and hence form and function) of the ex-

tracellular connective tissue.

We thank Dr. Norton Elson for his work in modifying the acryl-
amide methods used in this study and Kirsten Cook and Nancy Wyne
for their editorial assistance.
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