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A B S T R A C T Solubilized protein derived from
human platelets was fractionated by DEAE cel-
lulose column chromatography and analyzed for
protease activity using three substrates: denatured
bovine hemoglobin, alpha casein, and purified
plasminogen-free human fibrinogen. A protein
fraction was found with proteolytic activity which
was heat labile and not attributable to plasmin.
The activity was not potentiated by cysteine or
inhibited by iodoacetamide. Studies of pH optima
indicated a broad range of enzyme activity with
peaks in both the acid and alkaline region.
Cathepsin A activity was detected in the platelet
protease fraction by hydrolysis of the synthetic
substrate N-carbobenzoxy-a-L-glutamyl-L-tyrosine.
Similar proteolytic activity was found when the
proteins derived from isolated platelet granules
were examined. The results indicate that human
platelets possess potent intracellular proteolytic
enzymes. The relationship of this proteolytic ac-
tivity to the hemostatic process is discussed.

INTRODUCTION

Intracellular hydrolytic enzymes in lysosomes are
important in the mediation of several cellular func-
tions (1). For example, the lysosomal enzymes
released during phagocytosis by polymorphonu-
clear leukocytes catalyze the digestion of foreign
particles and bacteria (2). Human platelets con-
tain intracellular granules which have recently
been shown to have many properties similar to
classical lysosomes of other cells (3). During the
process of formation of the hemostatic plug, there
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is eventual disruption and degranulation of the
intracellular platelet lysosomes (4). It is logical
to assume that intracellular platelet proteases may
significantly effect the development as well as the
rate of dissolution of the hemostatic platelet plug.
To explore further the proteolytic enzyme popula-
tion of human platelets, we prepared solubilized
protein fractions from normal platelets and sys-
tematically analyzed them for protease activity.
These studies revealed that platelets contain ca-
thepsin A and other nonplasmin proteolytic ac-
tivities which digest undenatured human fibrino-
gen. The activity appeared to be associated pri-
marily with proteins derived from the intracellular
granules.

METHODS
Platelets were separated from whole blood and platelet
concentrates 1 as described previously (5). Platelet
counts were performed by phase microscopy. Contamina-
tion of platelets by leukocytes in multiple samples was
less than one cell per 5000 platelets. The isolated plate-
lets were washed 10 times in Alsever's solution (6) and
the platelet protein solubilized by ultrasonic vibration
(7). The solubilized material was dialyzed extensively
against deionized water and lyophilized. Lyophilized
platelet protein in most cases was defatted by extraction
with chloroform-methanol (2: 1).

Platelet protein was fractionated on 2 X 25 cm columns
of DEAE2 equilibrated with (a) 0.005 M sodium phos-
phate buffer pH 7.0. Discontinuous buffer elution was
performed with (b) 0.05 M sodium phosphate pH 6.0,
(c) 0.05 M sodium phosphate buffer containing 0.05 M
NaCl, pH 6.0, and (d) 0.05 M sodium phosphate con-
taining 0.5 M NaCl, pH 6.0.

Subcellular platelet fractions obtained by ultracentri-
fugation were kindly provided by Dr. Aaron Marcus.
The preparation and characterization of these fractions
have been previously reported (3). Granule, membrane,
and "cell sap" protein preparations were obtained as

1 Kindly provided by The New York Blood Center.
2 Calbiochem, Los Angeles, Calif.

2530 The Journal of Clinical Investigation Volume 47 1968



previously described (8). These protein solutions were
not lyophilized or defatted.
Disc electrophoresis. Acrylamide-gel disc electropho-

resis was performed by standard methods at pH 8.9 (9).
The composition was as follows: lower gel (pH 8.9)
6.5%o acrylamide, 0.25% N,N'-methylenebisacrylamide,
0.06 M HCO, 0.375 M Tris. Polymerization was performed
in the presence of 0.000759% N,N,N',N'-tetramethyl-
ethylenediamine and 0.2%o ammonium persulfate; lower
buffer (pH 8.1) 0.1 M Tris, 0.05 M HCl; upper gel
(pH 7.2) 2.5% acrylamide, 0.625%o N,N'-methylene-
bisacrylamide, 0.032 M H3PO4, 0.059 M Tris. Photo-
polymerization was performed in the presence of 0.00025%
N,N,N',N'-tetramethylethylenediamine and 0.0005% ribo-
flavin; upper buffer (pH 8.9) 0.052 M Tris, 0.0525 M
glycine. Samples were applied in 20-,ul aliquots and ad-
justed to 50 tdl with 5% sucrose. A trace of bromophenol
blue marker was added. Electrophoresis was carried out
toward the anode at 5 ma/tube for 45 min. The gels were
stained with either aniline blue black or Coomassie Blue
(10).
Coagulation studies. Thrombin times were performed

by incubating 200 ,ul of 0.5% plasminogen-free fibrino-
gen3 in buffered saline (NaCl 0.15 M, Tris 0.01 M pH
7.5), 50 1.d buffered saline, and 50 /Al test reagent for 10
min at room temperature. At the end of the incubation
period, 100 ul of bovine thrombin 4 (2 NIH units/ml)
was added and the clotting time observed. The assays
were also carried out in the presence of epilson amino-
caproic acid,5 soybean trypsin inhibitor,6 and pancreatic
trypsin inhibitor.6 Reptilase clotting times were similarly
performed using 100 /Al of reptilase7 (1 KU/ml). Pa-
pain 6 clotting times were also performed in an identical
system using 100 IAI papain (26 ,ug/ml). The end point
in the papain system was noted as coarse flocculation
rather than overt clot formation. Plasmin8 was kindly
supplied by Dr. Peter Harpel. All coagulation tests were
performed in duplicate.
Enzyme assays. Three protein substrates were utilized

to study the enzymatic spectrum of the active platelet
fraction. These included bovine hemoglobin,9 plasmino-
gen-free fibrinogen, and alpha casein.6 Two systems were
used to test for enzymatic activity. In one, the enzyme
and substrate were incubated for a given period of time
in an optimal pH and ionic environment. Aliquots of
the mixture were then analyzed by acrylamide gel elec-
trophoresis. In the second system release of tyrosine-con-
taining fragments into the protein-free supernate was
measured after enzyme substrate interaction. Enzyme
inhibition studies were performed in the presence of soy-
bean trypsin inhibitor and pancreatic trypsin inhibitor.

3 Lot No. S4268 Mann Fine Chemicals, Inc., N. Y.
4 Parke, Davis & Co., Detroit, Mich.
5American Cyanamid, Pearl River, N. Y.
6Worthington Biochemical Corp., Freehold, N. J.
7 Kindly provided by Pentapharm A. G., Basel, Switz-

erland. Supplied as Klobusitsky units (KU) per milli-
liter.

8 Supplied as 32.3 MDH cu/ml in 50% glycerol.
9 Sigma Chemical Co., St. Louis, Mo.

Cathepsin activity. This was measured as described
by Anson (11). Bovine hemoglobin substrate (2 X
crystallized) was denatured by incubation of a 2% solu-
tion in 0.15 M lactate buffer pH 3.6 for 1 hr at 37°C. For
analysis in the acrylamide-gel system, 100 Al of denatured
hemoglobin (1 mg/ml) was incubated for 1 hr at 37°C
with 150 Al of the lactate buffer and 50 Al of enzyme or
control solution. A 20 ,l aliquot was subsequently ana-
lyzed by acrylamide-gel electrophoresis. Assay mixtures
of the chromatographically isolated platelet protein
fractions as well as subcellular fractions contained the
following: 1.9 ml substrate, 50 ,l sample (1 mg/ml),
and 50 ,l buffer. Duplicate samples were incubated for
1 hr at 37°C, and the reaction was stopped with 5 ml of
5% trichloroacetic acid (TCA). TCA was added at
zero time to the control incubations. Additional controls
included mixtures of substrate and buffer in the absence
of enzyme incubated for 1 hr at 37°C. After TCA pre-
cipitation, the mixtures were left at room temperature
for 10 min and centrifuged at 3000 g for 15 min. Tyro-
sine equivalents (,M) were determined in 1 ml aliquots
of the TCA supernate by the Folin method (12) using
tyrosine as a standard.
pH optima studies were performed similarly; how-

ever, the substrate bovine hemoglobin was dissolved in 6
M deionized urea in universal buffer of different pH
ranges (13). The concentration of the universal buffer
was 100 mM with respect to each of the four contributory
salts (citrate, phosphate, Tris, and carbonate).

Caseinolytic activity. For analysis by the acrylamide-
gel system, 100 Al of alpha casein, 1.4% in Tris saline
(0.06 M Tris, 0.15 M NaCl, pH 7.5), was incubated for
1 hr at 37°C with 50 ,l of the platelet protein solution
(1 mg/ml) and 150 ,ul of Tris saline buffer. A 20 Al
aliquot was subsequently analyzed by acrylamide-gel
electrophoresis. In the second system, assays for caseino-
lytic activity of platelet protein fractions included 2.5
ml of alpha casein (1.4%7o) in Tris saline, 50 ,l enzyme
solution, and 2.45 ml of Tris saline buffer. The solution
was mixed and 2.0 ml was transferred into 3.0 ml of 0.5
M perchloric acid for the zero blank. The remainder of
the solution was incubated at 37°C for 30 min. 2 ml
was then transferred to 3.0 ml of perchloric acid. The
samples were mixed and placed at room temperature
for 30 min and then centrifuged at 3000 g for 15 min.
The optical density of the clear supernate at 275 mu was
then recorded. One CTA'0 unit corresponds to the libera-
tion of 10 ,g or 0.055 pM of tyrosine per min. 137 pg of
tyrosine/ml in 0.3 M perchloric acid gives an optical den-
sity of 1.00 at 275 mu. Therefore CTA units in the assay
were equal to net

OD X 137 X 2.5 X 5
30 X 10

For pH optima studies, the substrate alpha casein was
dissolved in 6 M deionized urea in universal buffer at
various pH ranges.

Fibrinogenolytic activity. For analysis by the acryla-
mide-gel system 100 Al of plasminogen-free fibrinogen
10NIH Committee on Thrombolytic Activity.
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(0.5% in buffered saline) was incubated for 1 hr at 370C
with 50 4l of platelet protein solution (1 mg/ml) and
150 Al of buffered saline. A 20 Al aliquot was subsequently
analyzed by disc electrophoresis. In the second system,
assay mixtures of the platelet protein fractions contained
the following: 1.9 ml substrate, 50 pl platelet enzyme
solution, and 50 4l buffer. Duplicate samples were incu-
bated for 1 hr at 370C and the reaction was stopped with
5 ml of 5% TCA. TCA was added at zero time to the
control incubations. Control mixtures included substrate
and buffer incubated in the absence of enzyme for 1 hr
at 370C. After TCA precipitation, the mixtures were left
at room temperature for 10 min and centrifuged at 3000 g
for 15 min. Tyrosine equivalents were determined as
described above for cathepsin activity. pH optima studies
on fibrinogen were performed as previously mentioned
except that the substrate was dissolved in the Na2HPO4-
citric acid buffer system of McIlvaine (14) at selected
pH ranges.
Determination of the Michaelis constants. Michaelis

constants were determined for the three protein sub-
strates alpha casein, fibrinogen, and bovine hemoglobin.
Experiments utilizing casein and fibrinogen were per-
formed in tris saline pH 7.5 at 370C for 1 hr. The bovine
hemoglobin substrate was incubated in 0.15 M lactate buf-
fer pH 3.6 at 370C for 1 hr. The velocity of the individual
reactions was measured by determining the quantity of
material formed which was no longer precipitated with
TCA. A constant quantity of the platelet enzyme solution
was added to increasing amounts of the various sub-
strates. The Michaelis constants were calculated by the
graphic method of Lineweaver and Burk (15) relating
the reciprocal of the velocity of the reaction to the re-
ciprocal of the substrate concentration.

Effects of various agents on platelet proteolytic activity.
The proteolytic activity of the platelet enzyme solution
on the three substrates was determined as described
above in the presence of cysteine (0.005 M) and iodoaceta-
mide (0.005 M). In addition, the proteolytic effect of the
platelet enzyme solution on alpha casein and fibrinogen
was determined in the presence of Zn++, Fe++, and Mn'
in separate experimentr The final concentration of metal
ions in each incubation mixture was 1 X 10-8 M. The salts
used were supplied as zinc acetate, ferrous sulfate, and
manganous chloride.
Assays with synthetic substrates. Cathepsin A activity

was determined with N-carbobenzoxy-a-L-glutamyl-L ty-
rosine (CBZ-glu-tyr).11 Substrates were solubilized by
gentle heating at a concentration of 0.05 M in sodium ci-
trate buffer pH 5.0, 0.1 M as described by Tallan, Jones,
and Fruton (16). The assay included 1.0 ml substrate and
1004l platelet protein solution (1 mg/ml). Incubation was

carried out at 37°C for 16 hr. Control mixtures included
the substrate and platelet protein mixture previously
heated to 60°C for 15 min and substrate alone. Isolated
platelet granule protein was also tested in this system.
At the conclusion of the incubation period the mixtures
were lyophilized. Free amino acid release was determined

11Cyclo Chemicals Corp., Los Angeles, Calif.

by descending paper chromatography of 100-,ul aliquots
of the reaction mixture using the upper layer of a bu-
tanol: acetic acid: water (4: 1: 5) mixture. Similar as-
says for cathepsin B using benzoyl L-arginine ethyl
ester 11 and for cathepsin C using N-acetyl-L-tyrosine
ethyl ester"1 as substrates were performed as described
by Wasi, Murray, Macromoue, and Movat (17).

Purified human urokinase12 was kindly provided by
Dr. Peter Harpel.
Immunodiffusion and immunoelectrophoresis studies

were performed as previously reported (18, 19). Anti-
human platelet protein was prepared as described (7).
Anti-albumin and anti-prealbumin were obtained com-
mercially.13

RESULTS

Characterization of the platelet protein fractions.
The platelet protein was fractionated into four
separate major peaks following chromatography on
DEAE cellulose. A typical separation is shown in
Fig. 1. Repeated chromatographic separations of
different batches of platlet protein revealed essen-
tially identical patterns. One batch of platelet pro-
tein was processed omitting the defatting step of
chloroform methanol extraction. Chromatography
of this sample was essentially similar to the pat-
tern obtained with defatted specimens except for
slight diminution of the material eluted in peak 1.
Material from each major peak was pooled, ultra-
filtered, and dialyzed against buffered saline.
Acrylamide-gel electrophoresis of the peaks 1, 2,
and 4 is shown in Fig. 1. No bands were seen when
concentrates from peak 3 were analyzed. Peak 1
was the most heterogeneous revealing seven to
eight bands. Two major bands were seen in peak
2. Peak 4 which was subsequently shown to con-
tain platelet protease activity had two fast moving
bands, and was studied in greatest detail.

Immunoelectrophoresis of peak 4 revealed two
platelet protein components, one of which reacted
with an antiserum monospecific for serum albumin
(Fig. 2). The second component in peak 4 reacted
with an anti-platelet protein serum absorbed with
lyophilized human plasma. Of interest was the
splitting of the platelet albumin line when anti-
platelet serum was used as the developing anti-
serum. No precipitin reaction was observed when
peak 4 was reacted against an antiserum specific
for serum prealbumin.

12Lot 762-8946. 25,000 units/ml in saline. Abbott
Laboratories Ltd. Queensborough, Kent, England.

13 Lloyd Bros., Inc., Cincinnati, Ohio.
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FIGURE 1 Chromatography of solubilized platelet proteins. 180 mg of material was applied to the column. Arrows in-
dicate sequence of eluting buffers: (A) 0.005 M sodium phosphate buffer pH 7.0; (B) 0.05 M sodium phosphate pH
6.0; (C) 0.05 M sodium phosphate buffer containing 0.05 MNaCl pH 6.0; (D) 0.05 M sodium phosphate containing 0.5
M NaCl, pH 6.0. The major protein peaks were pooled and analyzed by disc electrophoresis.

Coagulation studies. The effect of the four
platelet protein fractions on the clotting of puri-
fied human plasminogen-free fibrinogen was tested
using several enzyme systems.
Enzyme clotting times. Fibrinogen was incu-

bated with buffer and test reagent for 10 min, bo-
vine thrombin, papain, or reptilase was added, and
the time of clot formation recorded. Table I shows
a typical experiment in which the averages of du-

plicate determinations are given. No significant
prolongation of the thrombin, papain, or reptilase
clotting time was noted in the presence of serum
albumin, peak 1, 2, or 3. No clot was seen after
10 min observation following incubation with peak
4. In these, as well as subsequent studies, albumin,
peaks 1, 2, 3, and 4 were adjusted- to equal pro-
tein concentrations, generally in the range of 1
mg/ml, and dialyzed into buffered saline.

_ - FIGURE 2 Immunoelectrophoresis
of peak 4 at protein concentration
of 1 mg/ml.
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TABLE I
Enzyme Clotting Times of Fibrinogen

Time

Test reagent Thrombin Papain Reptilase

sec
Buffer 35 80 160
Albumin 37 94 180
Peak 1 41 108 184
Peak 2 36 84 150
Peak 3 35 87 150
Peak 4 >600 >600 >600

The effect of soybean trypsin inhibitor, a potent
inhibitor of plasmin, was determined in the throm-
bin time system (Table II). The test reagent and
soybean trypsin inhibitor were incubated for 15
min at room temperature. Buffer and fibrinogen
were then added and the mixture further incu-
bated for 10 min at room temperature, after which
thrombin was added. The times recorded are the
averages of duplicate determinations. In this sys-
tem soybean trypsin inhibitor completely blocked
the proteolytic effect of plasmin whereas no in-
hibitory effect on peak 4 was noted. These studies
were repeated using soybean trypsin inhibitor at
a concentration of 5 mg/ml. No inhibitory effect
on peak 4 was demonstrable. An identical system
was utilized to study the effect of pancreatic trypsin
inhibitor (1 mg/ml). Identical results were ob-
tained; there was complete inhibition of plasmin
action but no effect on peak 4 activity. Epsilon
amino-caproic acid (1 X 10-2 M) similarly did not
inhibit peak 4 activity. Enzyme clotting time studies

TABLE I I
Effect of Soybean Trypsin Inhibitor

on Thrombin Times*

Test reagent Time (sec)

Buffer 39
Plasmin (1/2 unit/ml)t 600
Plasmin (1/2 unit/ml) 41
Peak 1 44
Peak 2 40
Peak 3 38
Peak 4 600

* The incubation system included 200,ul of 0.5% fibrinogen,
25,4u buffer, 25 ,AI (1 mg/ml) soybean trypsin inhibitor,
50,4 test reagent, and 100 MI (2 units/ml) thrombin.
t Soybean trypsin inhibitor omitted from the incubation
ststem.

were performed with four different batches of peak
4 material; similar inhibitory activity was demon-
strated with all preparations.
Peak 4 activity was completely abolished after

heating to 60°C for 15 min (Table III).
Disc electrophoresis evaluation of the proteo-

lytic effect of peak 4 on fibrinogen. The proteo-
lytic effect of peak 4 on the purified fibrinogen
preparation was demonstrated by disc electropho-
resis of substrate enzyme mixtures after 1 hr in-
cubation at 37°C (Fig. 3). Purified fibrinogen
formed a single band which migrated only mini-
mally into the gel. Progressive proteolytic activity
was demonstrated by incubating a constant amount
of fibrinogen with increasing concentrations of the
enzyme solution. Maximum digestion occurred at
a peak 4 concentration of 1.3 mg/ml (Fig. 3, gel
3). Prior incubation of the enzyme solution with
soybean trypsin inhibitor (1 mg/ml) did not sig-
nificantly inhibit peak 4 activity (Fig. 3, gel 4).
Soybean trypsin inhibitor was also ineffective at
a concentration of 5 mg/ml. The anodal migrating
bands in the peak 4-treated fibrinogen were iden-
tical to electrophoresed peak 4 alone. No protease
activity in this system was detected by incubating
fibrinogen with serum albumin, or peaks 1, 2, or 3.

Differential effects of plasmin and peak 4 on
fibrinogen. The proteolytic products of fibrinogen
after plasmin action differed from those observed
after proteolysis by peak 4 (Fig. 4, gels 1 and 2).
Four to five well-defined split products were ob-
served following exposure to peak 4. A slower
moving dense band in the peak 4 split products
appeared to have no counterpart in the plasmin
split products. This was true using plasmin at
three concentration ranges: 0.5, 0.25, and 0.12
units/ml. The fast moving anodal band seen fol-

TABLE I II
Thrombin Time: Effect of Heating Test Reagents*

Test reagent Time (sec)

Buffer 38
Peak 1 42
Peak 2 34
Peak 3 35
Peak 4 36

* The incubation system included 200,ul of 0.5% fibrinogen,
50,u buffer, 50,l test reagent heated to 60°C for 15 mim,
and 100,ul thrombin (2 units/ml).
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FIGURE 3 Progressive proteolysis of fibrinogen with increasing amounts of peak 4. Acryla-
mide-gel electrophoresis of (F) fibrinogen (0.5%o); (1) fibrinogen plus peak 4 (0.2 mg/ml);
(2) fibrinogen plus peak 4 (0.5 mg/ml); (3) fibrinogen plus peak 4 (1.3 mg/ml); (4) fibrino-
gen plus peak 4 (1 mg/ml) previously incubated with soybean trypsin inhibitor (1 mg/ml).
Anode is at the bottom.

lowing plasmin was not observed using peak 4 in
concentration ranges of 1-5 mg/ml. Plasmin action
was completely blocked by pancreatic trypsin in-
hibitor while no inhibitory effect was noted on the
proteolytic activity of peak 4 (Fig. 4, gels 3 and
4). Peak 4 was also not inhibited at a pancreatic
trypsin inhibitor concentration of 5 mg/ml.
Lack of effect of urokinase on the fibrinogen

preparation. To rule out the possibility that peak
4 proteolytic activity resulted from activation of
contaminating plasminogen in the fibrinogen prep-

aration, we performed incubation studies with
urokinase. Fibrinogen (100 Al, 0.5%o) was added
to buffered saline (150 Al) and urokinase (50 ld,
125 units) for 1 hr at 370C. No evidence of plas-
minogen activation and subsequent fibrinogen pro-

teolysis was demonstrable on gel electrophoresis.
In addition, aliquots of the urokinase-incubated
fibrinogen had no effect on the thrombin clotting
time of a fibrinogen solution.

Cathepsin and caseinolytic activity of peak 4.
Peak 4 was shown to have significant cathepsin
activity as defined by hydrolysis of denatured bo-
vine hemoglobin at acid pH (Fig. 5). This activity

was not inhibited by soy bean trypsin inhibitor or

pancreatic trypsin inhibitor. Caseinolytic activity
of peak 4 was similarly demonstrated by incubation
of alpha casein with the enzyme solution at pH
7.5. Neither cathepsin nor caseinolytic activity
was demonstrable in these systems when peak 1,
2, or 3 were used.
pH optima studies. pH optima curves of peak

4 were constructed using the three substrates: de-
natured bovine hemoglobin, alpha casein, and hu-
man fibrinogen. Different batch preparations of
peak 4 from separate DEAE chromatographic
separations were utilized in these studies. How-
ever, the electrophoretic, immunologic, and throm-
bin time prolongation properties of the separate
enzyme preparations were similar in all cases.

Maximum hydrolytic activity on fibrinogen was

observed in the range of pH 6.0 to pH 8.0 (Fig.
6). Optimum activity against the denatured he-
moglobin substrate was maximal in the range from
pH 6.5 to pH 7.8. Two caseinolytic peaks of ac-

tivity were noted, one in the acid range of pH 4.8
and one in the alkaline range of pH 8.4.
Enzyme kinetic studies. A study of the enzy-

Platelet Protease Activity 2535
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FIGURE 4 Differential effect of plasmin and peak 4 on fibrinogen. Acrylamide-gel
electrophoresis of (1) fibrinogen plus plasmin (1/2 unit/ml), (2) fibrinogen plus
peak 4 (1 mg/ml), (3) fibrinogen plus plasmin previously incubated for 15 min with
pancreatic trypsin inhibitor (1 mg/ml), (4) fibrinogen plus peak 4 previously incu-
bated for 15 min with pancreatic trypsin inhibitor (1 mg/ml). Anode is at the bottom.

matic reactions with a constant amount of peak 4
solution and increasing amounts of casein, fibrino-
gen, or bovine hemoglobin in separate experiments
showed that the reactions generally followed
Michaelis-Mentin kinetics. The experimental
points obtained when plotted according to Line-
weaver and Burk (15) corresponded in each case
to a straight line. A kinetic study utilizing alpha
casein at pH 7.5 in tris saline is shown in Fig. 7.
The molecular weight of alpha casein was assumed
to be 375,000 (20). The Km was 5.2 x 10-6 M.
Two separate experiments utilizing different
batches of peak 4 (one of which was not defatted)
resulted in essentially identical Km values. Similar
experiments were performed using plasminogen-
free fibrinogen at pH 7.5 in tris saline and bovine
hemoglobin at pH 3.6 in 0.15 M lactate buffer.
Km for fibrinogen was 8.3 x 10-6 M. The Km for
hemoglobin was 2.3 X 10-4 M.

Effects of various agents on proteolytic activity
of peak 4. To define more precisely the nature of

the enzyme (s) in the peak 4 solution, we mea-
sured proteolytic activity on the three substrates
in the presence of cysteine, iodoacetamide, and
various metals. Cysteine and iodoacetamide did not
significantly affect the proteolytic activity of the
enzyme preparation. Zn++, Fe++, and Mnw at con-
centrations of 1 x 10-3 M likewise did not potenti-
ate the proteolytic activity of peak 4 solutions
against alpha casein and fibrinogen in the alkaline
range of pH 7.5.
Enzymatic activity of the proteins derived from

platelet subcellular fractions. Solubilized proteins
derived from subcellular fractions of human plate-
lets from one donor were assayed using the three
substrates. Significant proteolytic activity was
demonstrable primarily in the material obtained
from the granule fraction. This preparation hydro-
lyzed fibrinogen as well as casein at pH 7.5. In
addition, cathepsin activity was demonstrable
against the hemoglobin substrate at pH 3.5 (Fig.
8).
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FIGuRE 5 Cathepsin activity of peak 4. Acrylamide-gel
electrophoresis of (left) denatured bovine hemoglobin
(1 mg/mi) 100 Al plus buffer 50 pJl, (right) denatured
bovine hemoglobin (1 mg/ml) 100 til plus peak 4 (0.5
mg/ml) 50 Al. As can be seen the two major bands repre-
senting bovine hemoglobin (left) have disappeared fol-
lowing enzymatic digestion. Anode is at the bottom.

Enzymatic activity toward synthetic substrates.
To study the nature of the specific ca-thepsin (s)
present in the peak 4 preparation, we incubated the
enzyme solution with CBZ-glu-tyr. The mixtures

-i
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FIGURE 7 Graphic representation according to Line-
weaver and Burk for determination of the Michaelis
constant of peak 4 solution (1 mg/ml) using alpha casein
as substrate. V equals mg tyrosine released per min per
ml enzyme solution. Molecular weight of alpha casein
was assumed to be 375,000. Km is 5.2 X 10V M.

were lyophilized and free amino acid release was
determined by descending paper chromatography.
In three separate experiments using different
batches of peak 4 solution, tyrosine was released
from the CBZ-glu-tyr substrate. Protein solutions
prepared from isolated platelet granules at con-
centrations of 1 mg/ml similarly released free ty-
rosine in two separate experiments. No cathepsin
B activity was demonstrated using peak 4 and
benzoyl L-arginine ethyl ester as substrate.
Similarly no cathepsin C activity was demonstrated
using peak 4 and N-acetyl-L-tyrosine ethyl ester
as substrate.

DISCUSSION

These studies demonstrate protease activity in a
specific fraction chromatographically isolated from

4

a-9
._

an 3
*L

2
._

Z 1

pH 0
FIGURE 6 pH optima studies of peak 4 enzyme solution ;'.embranes Granules Soluble
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a mixture of solubilized platelet proteins. Peak 4
prolonged the thrombin clotting times of purified
fibrinogen solutions. This effect did not appear to
reflect direct antithrombin activity as evidenced by
the equally significant prolongation of the reptilase
and papain clotting times. Direct fibrinogen hy-
drolysis was demonstrated using the acrylamide
gel system. Fibrinogen was split into four to five
smaller subunits with release of measurable tyro-
sine into the protein-free supernate. These findings
raised the possibility that the proteolytic activity
in peak 4 might be related to the generation of
plasmin, particularly since plasminogen proacti-
vator, as well as plasminogen, has been previously
demonstrated to be associated with platelets (21,
7). To rule out this possibility, we compared the
protease activity of the peak 4 material to the well-
described enzymatic properties of plasmin. Peak 4
was not affected by soy bean trypsin inhibitor or
pancreatic trypsin inhibitor, agents known to block
the action of plasmin (22). In addition, peak 4
was completely inactivated by heating to 60'C for
15 min. Peak 4 was not inhibited by epsilon amino-
caproic acid, an inhibitor of plasminogen activa-
tion. The proteolytic subunits (split products)
formed by the action of purified plasmin on the
fibrinogen substrate differed significantly from
the subunits formed after peak 4 proteolytic ac-
tivity. These studies were carried out over wide
ranges of enzyme concentration. In no instance
were identical proteolytic split products formed.
To further rule out the possibility that peak 4
enzymatic activity reflected activation of contami-
nating plasminogen in the fibrinogen preparation,
we incubated fibrinogen substrates with purified
urokinase, an activator of human plasminogen. No
split products were observed by acrylamide-gel
electrophoresis of the urokinase-incubated fibrino-
gen and no inhibitors of thrombin clotting were
detected in the fibrinogen-treated solution. For
these reasons it appeared unlikely that the proteo-
lytic activity of peak 4 was related to the plasmin
system.

Cathepsin activity was detected in the peak 4
preparations by the hydrolysis of denatured bo-
vine hemoglobin at acid pH. Peak 4 cathepsin ac-
tivity extended over a relatively broad pH range
with maximal activity at pH 6.5-7.8. This range
of pH optimal activity has been observed with
some cathepsins previously studied (23). How-

ever, most of the cathepsin group of enzymes ap-
pears to have maximal activity in the acid pH
ranges (24, 25, 26). Cathepsins have been defined
as intracellular proteinases which are distinct
from the well-known protein splitting enzymes
such as pepsin and trypsin which are secreted into
the mammalian gastrointestinal tract (23). Five
well-defined cathepsins have been studied in vari-
ous animal tissues and are referred to as cathepsins
A, B, C, D, and E. These enzymes have been pri-
marily characterized as a function of their synthetic
substrate specificity as well as heat and sulfhydrl
group lability (17, 23-26). Cathepsin A, originally
referred to as the "hemoglobin splitting" enzyme,
has been identified in a variety of tissues including
leukocyte lysosomes (17, 23, 26). The enzyme
loses activity on moderate heating and does not
require cysteine for activation nor is it inhibited by
iodoacetamide. In addition, cathepsin A specifically
hydrolyzes the synthetic substrate N-CBZ-a-L-
glutamyl-L-tyrosine at pH 5 (23). According to
these criteria, as delineated by Fruton (23), at
least one of the enzyme activities in the peak 4 ma-
terial can be regarded as platelet cathepsin A. On
the basis of cysteine potentiation studies on peak 4
material it is unlikely that cathepsins B or E were
present in the enzyme preparation. The complete
loss of peak 4 protease activity with gentle heating
to 600C for 15 min and the lack of activity using
N-acetyl-tyrosine ethyl ester as substrate make it
unlikely that cathepsin C was present in this frac-
tion. Cathepsin D is optimally active at pH 2.8
and it is thus unlikely that this enzyme was present
in the peak 4 solution. It should be noted that these
conclusions are inferential and it is possible that
other cathepsin activities were originally present
but underwent denaturation in the process of prep-
aration of the platelet protein.
The pH optimal studies demonstrated a broad

alkaline range of enzyme activity in peak 4 particu-
larly with respect to the alpha casein and fibrino-
gen substrates. Neutral proteinase activity has been
previously described in the hemoglobin-free
stroma of normal human red cells (27). These ac-

tivities are enhanced by the presence of Fell, Zn+,
or Mn++ (27). This potentiation was not observed
when peak 4 was tested against alpha casein and
fibrinogen in the presence of these salts. One of
the previously reported red cell enzymes, erythro-
cyte proteinase III, was not stimulated by metal
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ions; however, maximum activity was noted at pH
3.2. It would thus appear that the peak 4 enzyme
preparation had properties which differed from
those described in human red cells.
Human leukocytes contain hydrolytic enzymes

which are located primarily in lysosomes. Recent
studies suggest that the cathepsins in these sub-
cellular organelles include cathepsin A and prob-
ably D and E (17). It is of interest that Wasi et al.
(17), working with crude extracts of polymorpho-
nuclear lysosomes, demonstrated 49% inhibition
of the cathepsin activity by iodoacetic acid and
28% stimulation with cysteine. This finding con-
trasts with our findings on the sulfhydryl lability
of the cathepsin activity in the peak 4 solution and
might reflect (a) the different character of cathep-
sin A in leukocytes and platelets or (b) the sig-
nificant contribution of cathepsin D and E to the
total leukocyte lysosomal cathepsin activity.

Although the data strongly suggest the presence
of cathepsin A in platelets these studies do not im-
ply that this is only protease present. The double
curve of the pH optima studies when alpha casein
was used as substrate, as well as the alkaline range
of activity of the enzyme solution when casein and
fibrinogen were used as substrates, suggests the
presence of additional enzyme activity. It should
be noted that neutral di- and tripeptidases have
previously been demonstrated in platelet extracts
(28). It is not possible from our studies to clearly
define the actual number of proteases involved.
Further subfractionation of the peak 4 material
may provide additional information.
The fact that platelets possess a potent fibrino-

genolytic enzyme(s) raises the possibility that in-
tracellular protease activity may play a role in the
hemostatic process. It has been previously demon-
strated that approximately 10o% of platelet protein
is fibrinogen (29). Thus the platelet plug which
forms in apposition to damaged endothelial sur-
faces constitutes a small area with a relatively
high concentration of fibrinogen. In addition, fibrin
formation takes place at the periphery of the plug
during the later stages of hemostasis (30). Elec-
tron microscopic evidence indicates that intracel-
lular granule lysis occurs concomitant with these
processes. Activation of platelet proteolytic ac-
tivities during these events may initiate the stage
of platelet plug dissolution. This nonplasmin pro-
tease system active in the interstices of the plug

would complement the generation of plasmin (ad-
jacent to the peripheral fibrin network) after the
activation of plasminogen. The possibility of other
physiologic consequences after the activation of in-
tracellular platelet proteolytic activity should be
considered. Previous studies have shown that plate-
lets can be considered as initiators of an inflamma-
tory response leading to increased vascular perme-
ability (30). The intracellular hydrolytic events
which follow platelet aggregation may be impor-
tant factors in phlogistic tissue responses compar-
able to those seen in leukocyte exudate formation.
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