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Summary

The ability of elastatinal and chymostatin, protease inhibitors of microbial
origin, to inhibit human leucocyte proteases (EC 3.4.-) was studied. Elastatinal
and chymostatin are capable of inhibiting the pancreatic enzymes elastase and
chymotrypsin, respectively. It was found in these studies, with synthetic sub-
strates, that elastatinal is a much weaker inhibitor of human leucocyte elastase
than it is of porcine pancreatic elastase. Elastatinal caused no inhibition of the
activity of human leucocyte chymotrypsin-like protease. Chymostatin was
found to be a powerful inhibitor of human leucocyte chymotrypsin-like pro-
tease. Its affinity to the leucocyte protease was higher than its affinity to bo-
vine pancreatic a-chymotrypsin. Chymostatin had a weak inhibitory effect on
the activity of human leucocyte elastase.

Studies were also carried out on the ability of chymostatin to inhibit the re-
lease of 3*S0O2%~ from rabbit articular cartilage by human leucocyte chymotryp-
sin-like protease. Preincubation of the chymostatin with the protease before
the latter was added to the 3SO3 -labeled cartilage caused inhibition of pro-
teolysis as measured by 3*°S03%™ release. Preincubation of chymostatin with
3580% -labeled cartilage prior to addition of the human chymotrypsin-like pro-
tease to the tissue also inhibited SO}~ release. However, in the case of pre-
incubation of cartilage with «, -antitrypsin there was no such inhibition. It
therefore appeared that chymostatin, unlike «, -antitrypsin, was capable of
penetrating the cartilage matrix and exerting its inhibitory effect upon the
human leucocyte chymotrypsin-like protease that was subsequently added to
the tissue.

Abbreviations: Boc-Ala-ONp, N-t-Butyloxycarbonyl-L-alanine-p-nitrophenyl ester; Bz-Tyr-OEt,
N-benzoyl-L-tyrosine ethyl estexr; Awc-Phe-1-ONap, N-acetyl-L-phenylalanine-c-naphthyl ester;
a1-AT, human o) -antitrypsin; Me,SO, dimethyl sulfoxide.
* Permanent address: Department of Biochemistry, Tel-Aviv University, Ramat-Aviv, Tel-Aviv, Israel.
** To whom correspondence should be addressed.
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Introduction

The role of leucocyte proteases (EC 3.4.-) in the pathogenesis of several
human diseases has recently been reviewed [1—4]. Human leucocyte proteases
appear to have a prime role in the inflammatory tissue injury which may con-
tribute to pulmonary emphysema and certain joint diseases [1,5]. Human
leucocyte elastase was purified in several laboratories from blood of either
healthy donors [6—9] or from leukemic patients [10]. The elastase is a very
basic protein, rich in basic amino acids, with a molecular weight of about
30 000 [9,10]. Human leucocyte chymotrypsin-like protease was likewise
studied in several laboratories [11,12] and was purified from either healthy
donors by us [13] or from leukemic patients by several groups [14—16]. The
chymotrypsin-like protease appears to be an even more basic protein than
either leucocyte elastase or lysozyme and it has a molecular weight of about
25 000 [13,15]. Both leucocyte proteases were found to be capable of degrad-
ing articular cartilage matrix [17—19] as well as purified cartilage proteoglycan
[20]. It was reported that both of these leucocyte proteases can be inhibited
by human serum «, -antitrypsin inhibitor [13,16] which is the major endogen-
ous protease inhibitor present in the circulation (mol. wt. 53 000). However,
using immunohistochemical techniques, it was found that «, -antitrypsin was
incapable of penetrating into the cartilage matrix [19]. Thus, the efficacy of
this endogenous antiprotease may be limited with respect to the protection of
cartilage against the destructive action of leucocyte enzymes.

Recently, a large number of protease inhibitors were detected and purified
from microbial cultures [21,22]. Compared to the classical protein inhibitors
of proteases, these microbial inhibitors are relatively small molecules, with
molecular weights of approx. 500. The microbial protease inhibitors, elastatinal
[23,24] and chymostatin [25,26], were tested mostly for their ability to in-
hibit pancreatic enzymes.

The goals of the studies reported herein were to determine the inhibitory
potency of the microbial inhibitors elastatinal and chymostatin against human
leucocyte proteases and also to study the ability of the inhibitors to penetrate
into cartilage matrix.

Experimental

Materials

Bovine a-chymotrypsin (lot CDS ICA), porcine elastase (lot ESFF 55B439)
and human o, -antitrypsin (lot HAAT 53E305) were obtained from Worthing-
ton Biochemical Corp., Freehold, N.J. N-Benzoyl-L-tyrosine ethyl ester (Bz-
Tyr-OEt) was from Sigma Chemical Co., St. Louis, Mo. N-t-Butyloxycarbonyl-
L-alanine-p-nitrophenyl ester (Boc-Ala-ONp) was from Cyclo Chemical Corp.,
Los Angeles, Calif. 3°SO%~, as Na,3*S0,, was obtained from New England Nu-
clear, Inc., Boston, Mass. (specific activity, 773 Ci/M). New Zealand albino
rabbits were from Hare Rabbits, Inc., Hewitt, N.J. Human blood, for prepara-
tion of leucocyte enzymes, was purchased from Inter-County Blood Services,
Rockville Centre, N.Y, a division of the New York Blood Center. Human
leucocyte elastase and chymotrypsin-like protease were purified in this lab-
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oratory according to our previously published procedures [9,13]. Elastatinal and
chymostatin were a generous gift from Dr. Takashi Sugimura, Director of the
National Cancer Center Research Institute, Tokyo, Japan. All other materials
were of reagent grade.

Methods

Enzymatic assays with synthetic substrates. All enzymatic assays were car-
ried out at pH 7.5 in 0.10 M phosphate buffer at room temperature (20—22°C).
A Gilford recording spectrophotometer (Model 2400-S) was used to determine
enzymatic activities against various synthetic substrates. The hydrolysis of
Bz-Tyr-OEt, in 5% dimethyl sulfoxide (Me,SO), was followed at 256 nm ac-
cording to Hummel [27] using an initial substrate concentration [S,] of 5 -
107* M. The hydrolysis of Boc-Ala-ONp, in 1% acetonitrile, was followed at
400 nm according to Visser and Blout [28] using an initial [Sg] = 5 - 107* M.

Inhibition studies with synthetic substrates. Purified leucocyte enzymes or
crude leucocyte granular extract were incubated for 10 min, at pH 7.5, with an
inhibitor. The residual enzymatic activities of non-inhibited enzyme were deter-
mined after the addition of substrate.

Preparation of %S0} -labeled rabbit articular cartilage. Rabbits were injected
intravenously with Na,?**SO, (450 uCi/kg) in physiological saline and killed 18
h later with pentobarbital. The proximal humeri and tibiae and the proximal
and distal femora were removed and slices of articular cartilage were then dis-
sected from the joints in the cold and subsequently stored at —80°C. Further
details of these procedures were described earlier [17,19].

Assay of 3803 release. Radiosulphate-labeled cartilage was cut into pieces
of about 1 mg (wet weight), each containing about 1500 cpm. The pieces were
washed with ice-cold 0.05 M sodium phosphate buffer (pH 7.5) containing 0.3
M NaCl. Single pieces were placed in siliconized glass ampules to which 0.90 ml
of warm (37°C) phosphate buffer was added. Then 0.10 ml buffer containing
either 1 ug enzyme only or a preincubated mixture with an inhibitor was ad-
ded, and the cartilage was incubated for 30 min at 37°C. At the end of the in-
cubation period, the ampules were rapidly transferred to an ice bath, 0.5-m}
aliquots of incubation medium were removed and mixed with 10 ml of 2.0%
liquifluor in toluene: ethylene glycol monomethyl ether (1 : 1, v/v) (ACS).
These samples were subsequently counted for radioactivity. The remainder of
the incubation medium was immediately removed from all vessels, the cartilage
briefly rinsed with ice-cold 0.1 M acetate buffer (pH 4.0), and the tissue then
hydrolyzed at 110°C, overnight, in 8 M HCl. Aliquots of hydrolyzate were di-
luted with water and lyophilized to eliminate HCI. Lyophilates were redissolved
in water, mixed with 10 ml of the scintillation liquid and counted. The fraction
of radioactivity released into the medium and the fraction remaining in the
cartilage at the end of each incubation interval were determined from the dpm
values, and the released fraction was expressed as percent of total radioactivity
initially present in the tissue sample. All samples were tested in quadruplicate.

Preincubation of 3S0O?% -labeled cartilage with inhibitors. The 3*SQ?2 -labeled
cartilage pieces (about 1 mg wet weight) were washed and placed as before in
siliconized 5-ml glass ampules. Then 0.1 ml of phosphate buffer containing in-
hibitor was added and the cartilage was incubated at 37°C. At the end of 1 h,
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the cartilage pieces were removed, dried with tissue paper and placed in clean
5-ml siliconized glass ampules. Buffer and enzyme were added, as described
above, and the incubation was carried on for 30 min at 37°C. In all cases, con-
trol samples without inhibitor or enzyme were run in parallel.

Protein determination. The Lowry et al. method [29] was used for protein
determination using bovine serum albumin for calibration. The protein con-
centration of bovine a-chymotrypsin and porcine elastase were calculated from
the absorbance at 280 nm. The following absorption coefficients (A3% ) Were
used: chymotrypsin, 20.4; elastase, 20.2.

Results and Discussion

Inhibition of enzyme activities towaras synthetic substrates

The effectiveness of elastatinal in inhibiting the esterolytic activities of pan-
creatic and leucocyte elastases upon Boc-Ala-ONp is shown in Fig. 1. Extra-
polations to zero residual enzymatic activities show that whereas 0.25 ug of
elastatinal would completely inhibit 1 ug porcine elastase, 37 ug of elastatinal
would be required to inhibit 1 ug of human leucocyte elastase. Since the molec-
ular weighs of the two enzymes are close to each other, it appears that the af-
finity of elastatinal for the porcine elastase is much stronger than its affinity
for the human leucocyte elastase. It was calculated from these studies that the
K, of elastatinal with porcine elastase and with leucocyte elastase are about
2-1077 and 5 - 1075 M, respectively, (assuming equimolar binding).

In contrast to the foregoing results, it appears that chymostatin has stronger
affinities for both pancreatic and leucocyte chymotrypsins (Fig. 2). Extrapola-
tions to zero residual enzymatic activities show that the inhibition of either 1
ug of human leucocyte chymotrypsin-like protease or of bovine a-chymotryp-
sin would require about 0.035 and 0.075 ug chymostatin, respectively. It was
estimated that the K; of chymostatin with both enzymes is about 1 - 107% —
3 -107% M (assuming equimolar binding).

Kunimoto et al. [30] studied the inhibition of pepsin by pepstatin, another
inhibitor of microbial origin, and found equimolar binding with a K; of about
1-107!'° M. It seems that chymostatin and especially elastatinal are less effec-
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Fig. 1. The inhibition of elastases by elastatinal. The residual enzymatic activities in hydrolyzing Boec-Ala-
ONp of porcine elastase (1 ug, © 0) and of human leucocyte elastase (1 ug, ——o) were determined
after 10 min incubation with elastatinal at room temperature and at pH 7.5.
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Fig. 2. The inhibition of chymotrypsins by chymostatin. The residual enzymatic activities in hydrolyzing
Bz-Tyr-OEt of bovine a-chymotrypsin (1 ug, © 0) and of human leucocyte chymotrypsin-like pro-
tease (1 ug, ———@) were determined after 10 min incubation with chymostatin at room temperature and
at pH 7.5.

tive in inhibiting human leucocyte proteases. It was also found in these
studies (Fig. 3) that chymostatin has a weak inhibitory effect upon human
leucocyte elastase activity. This is not surprising in view of our earlier report
[9] indicating that leucocyte elastase has weak affinity towards the typical
chymotrypsin substrate, N-acetyl-L-phenylalanine-a-naphthyl ester (Ac-Phe-
1-ONap). On the other hand, even 200 ug of elastatinal had no effect on 1 ug
of leucocyte on chymotrypsin-like enzyme activity on the latter’s synthetic
substrate. The different affinities of chymostatin to the leucocyte chymotrypsin-

like protease compared to that of elastatinal to leucocyte elastase are shown in
Fig. 3.

Inhibition studies with **S0O%” cartilage

It was reported earlier that leucocyte enzymes were capable of releasing
8073 "-labeled digestion fragments from 3°SQ3%" cartilage [17,19,31]. Those
studies used either purified enzymes [19] or mixtures of enzymes [17,31]. The
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Fig. 3. The inhibition of human leucocyte enzymes by elastatinal and chymostatin. The residual enzyma-
tic activities of leucocyte enzymes (1 ug) were determined after 10 min incubation with inhibitors at
room temperature and at pH 7.5. Chymotrypsin-like protease and chymostatin, substrate was Bz-Tyr-OEt,
L ®; elastase and elastatinal, substrate was Boc-Ala-ONp, 0———o0; elastase and chymostatin, substrate
was Boc-Ala-ONp, X X.




two leucocyte proteases were also reported to be capable of hydrolyzing iso-
lated cartilage proteoglycan [20]. It seemed of interest to test the effect uf
the microbial inhibitors in this system. Pepstatin was reported to be an effec-
tive inhibitor of cartilage proteoglycan degradation by cathepsin D [32] as
well as of cartilage autolysis [32]. Since our studies had already indicated the
relative ineffectiveness of elastatinal against the leucocyte enzymes we directed
our efforts towards studying chymostatin inhibition of leucocyte chymotryp-
sin-like protease-mediated 3*SOj” release. Preincubation of chymostatin with
leucocyte chymotrypsin-like protease resulted in 75% inhibition of *3S02%" re-
lease from cartilage (Table I). Similar results had been obtained earlier when
human o -antitrypsin («,-AT) was preincubated with either leucocyte elastase or
chymotrypsin-like protease [19,20]. However, when the pieces of cartilage were
preincubated with «-AT (Table I) and then leucocyte enzyme was added to the
pretreated pieces of cartilage, very little inhibition was observed. Thus, it appeared
that a;-AT, the major endogenous circulatory inhibitor, had not penetrated into
the cartilage in sufficient amount to inhibit the leucocyte protease. This observa-
tion is consistent with our previous report [19] that «;-AT could not be de-
tected inside cartilage by immunohistochemical procedures after the cartilage
was preincubated with serum. On the other hand, our present studies show that
when cartilage was preincubated with chymostatin, subsequent release of
3580%" by leucocyte chymotrypsin-like protease was mostly inhibited (86%,
Table I). It appeared that chymostatin, perhaps because of its relatively small
size compared to «,-AT, was able to penetrate into the cartilage matrix. Thus,
when the leucocyte protease was added at the second step, its degradative ac-
tivity against the cartilage proteoglycan was inhibited by the chymostatin that
had preceded it into the tissue.

The possible involvement of leucocyte neutral proteases in inflammatory
diseases was the subject of several recent reviews and symposia [1—4]. These
proteases can be inhibited in vitro by the major circulatory protein inhibitors,

TABLE I

THE EFFECT OF INHIBITORS ON THE RELEASE OF >°S02 FROM >°S02” CARTILAGE BY HU-
MAN LEUCOCYTE CHYMOTRYPSIN-LIKE PROTEASE

Treatment Release (%) Inhibition (%)
Enzyme * 100 ** —

Enzyme * + 20 ug chymostatin 25 75

Enzyme *** 100 **

Enzyme *** + cartilage pre-incubated with 100 ug a-AT 93 T

Enzyme *** + cartilage pre-incubated with 100 ug chymostatin 14 86

* 1 ug enzyme with or without inhibitor was pre-incubated for 10 min and then added to a piece of
cartilage followed by 30 min additional incubation.

** Enzyme, without inhibitor, usually released under these experimental conditions 20—30% of total
tissue radioactivity. These values for percent of 3 SO%‘ released have been normalized to 100 for
convenient comparison. All data were corrected for background 35SO4 release during incubation
from cartilage alone. This rarely exceeded 3% of total tissue radioactivity.

**% Pjeces of cartilage alone or with inhibitors were pre-incubated in buffer for 1 h at 37°C. Thereafter,
only the cartilage was transferred to another ampule, fresh buffer and 1 ug enzyme were added and
the usual 30 min incubation at 37°C was then carried on.
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a,-antitrypsin and «,-macroglobulin, However, as suggested earlier [5], if leuco-
cyte proteases are released by inflammatory cells which are either in direct
contact with or in close proximity to the target tissue, there would be little
opportunity for the endogenous protein inhibitors to act. This could be the
case even though the protein inhibitors might be present in sufficient quantities
in the extracellular fluid. As a result, tissues close to the inflammatory site
would be damaged, and the presence of a large extracellular inhibitory potential
would not prevent this damage. On the other hand, application of smaller-
sized inhibitors such as chymostatin, which is able to penetrate into cartilage,
may more effectively prevent tissue degradation by leucocyte proteases. Such
agents may therefore prove to have therapeutic value in combatting selected
inflammatory diseases.
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