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SUMMARY 

The glycogen-induced macrophages in rat  peritoneal exudate were separated 
from most other nucleated cells by means of a glass bead column. The lysate of the 
glass-adhering cells was subjected to characterization of its proteolytic activities 
using several specific protease inhibitors, recently discovered from the culture media 
of actinomycetes. The hemoglobin-hydrolyzing activity at pH 4.0 was strongly in- 
hibited by pepstatin, a pepsin (EC 3.4.4.1) inhibitor. The caseinolytic activity at 
pH 7.0 was sensitive to chymostatin, a chymotrypsin (EC 3.4.4-5) inhibitor. In ad- 
dition to these two major proteases, i.e., cathepsin D (EC 3.4.4.23) and chymotrypsin- 
like enzyme, there are two other minor proteolytic activities. One is active at acidic 
pH and sensitive to leupeptins, a trypsin (EC 3.4.4.4) inhibitor, and the other is ac- 
tive at neutral pH and sensitive to Hg ~+ but not to leupeptins. 

INTRODUCTION 

Macrophages, which have phagocytic properties, are associated with defense 
reactions to infectious agents, inflammatory processes, and immunological mechan- 
isms. Cohn and Wiener 1 demonstrated that macrophages from rabbit peritoneal exu- 
date contained various hydrolytic enzymes such as acid phosphatase (EC 3.I.3.2), 
fl-glucuronidase (EC 3.2.I.3I), cathepsin, lysozyme (EC 3.2.I.I7) , and acid ribonu- 
clease (EC 2.7.7.16 ). We were interested in characterizing proteases of macrophages 
in tile rat peritoneal exudate collected after intraperitoneal injection of glycogen. 
For this purpose, it is necessary to obtain macrophages as free as possible from lympho- 
cytes, granulocytes, mast cells, and some erythrocytes which are, in general, simul- 
taneously present in such an exudate. We found that use of a glass bead column gave 
satisfactory results. The macrophages thus separated were disrupted by freezing and 
thawing, and the lysate was subjected to enzymatic characterization. 

Intracellular proteases are usually characterized as cathepsins A, B, C, etc. on 
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the basis of their capabilities of cleaving certain synthetic substrates and inhibition 
profiles2, a. The procedures involved are not very simple, and the answers have not al- 
ways been unequivocal. Recent discovery by Umezawa and his associates 4 6 of several 
actinomycete protease inhibitors seems to provide less complicated procedure with 
more definite answer as to the characterization of proteases. Thus, Ikezawa et al. 7 
demonstrated the usefulness of leupeptins, chymostatin, and pepstatin* in charac- 
terizing lysosomal proteases from swine liver. They found that  cathepsin D (EC 
3.4.4.23) was strongly inhibited by pepstatin and cathepsin B was inhibited by leu- 
peptins and chymostatin, while cathepsin A did not undergo appreciable inhibition 
by these three agents. We have used these three kinds of inhibitors plus antipain s, 
another inhibitor also isolated from the actinomycete culture media, to study their 
effects on the hydrolytic activity of the macrophage lysate toward acid-denatured 
hemoglobin and casein. The present paper describes the results of these experiments. 
Only recently, Barret t  and Dingle n have described the inhibition of tissue acid pro- 
teinases by pepstatin. 

METHODS 

Separation of maerophages 
Rats (Wister-King Aptakmann/MK) weighing about 25o g were lightly an- 

esthetized with an intraperitoneal injection of Nembutal  sodium (sodium pento-barbi- 
tal), and 15 ml of sterile 0.5% (w/v) glycogen in isoosmotic NaC1 was injected into 
the peritoneal cavity. After 72-96 h, the animals were killed by decapitation and ex- 
sanguination, and their peritoneal cavities were washed with phosphate-buffered 
saline, pH 7.0, using a pipet. In this procedure, it is very important  to use silicon- 
coated glassware. All the peritoneal cells obtained in a single experiment (usually 
15-2o donors) were collected by sedimentation at IOOO rev./min for 5 min at room 
temperature. 

The pellet of cells was resuspended in IO ml of Hank 's  solution and the number 
of the total cells was calculated. At the same time, the preparations for microscopical 
studies were made by Giemsa staining. The cell suspension was then added to a glass 
bead column, I cm × 2o cm. Only the tubing of the column had been siliconized 
beforehand. The glass beads used were the product of B. Braun Melsungen Apparate- 
bau. A stainless steel net on a rubber stopper was used to hold the beads at the bot tom 
of the column. After incubation for 6o rain at 37 °C, the column was washed enough 
with phosphate-buffered saline. Then, the non-adherent cells were collected by sedi- 
mentation at IOOO rev./min for 5 rain and resuspended in IO ml of Hank 's  solution for 
tile calculation of cell count and microscopic studies. The difference in cell count be- 
tween influent and effluent cells represents the cell count number for the adherent 
cells (see below, Table I). 

Hank ' s  solution containing both Mg ~+ and Ca ~+ is more preferable for isolation 
of macrophages than phosphate-buffered saline, for these ions are adherence-promot- 
ing factorsl~, 13. But Hank ' s  solution was unsuitable for the later assay of proteolytic 

* Leupeptins, acetyl- and propionyl-L-leucyl-L-leucyl-nL-argininM3; chymostatin, an oligo- 
peptide of undetermined structureS; pepstatin, iso-valeryl-L-vMyl-L-valyl-4-amino-3-hydroxy-6- 
methylheptanoyl-L-Manyl-4-amino-3-hydroxy-6-Inethylheptanoic acid4,1°; antipain, [(s)-I-car- 
boxy-2-phenylethyl]carbamoyl-L-arginyl-L-valyl-argininM 8& 
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T A B L E I  

D I S T R I B U T I O N  OF C E L L S  I N  R A T  P E R I T O N E A L  E X U D A T E  B E F O R E  A N D  A F T E R  T H E  P A S S A G E  T H R O U G H  

A G L A S S  B E A D  C O L U M N  

Cell c o u n t  for each k ind  of  the  c o n s t i t u e n t  cells in t he  in f luent  is t a k e n  as lOO%. 

Constituent cells Cell counts 

Influent Effluent Adherent* 
x ro~ (%) x ~o8 (%) x ~o~ (%) 

Tota l  cells 23.1 (ioo) 6.3 (27.3) 16.8 (72.7) 
E r y t h r o c y t e s  8.1 (ioo) 2.8 (34.6) 5-3 (65.4) 
Nuc lea t ed  cells 

To ta l  15.o (ioo) 3,5 (23.3) 11.5 (76.7) 
L y m p h o c y t e s  4.4 (ioo) 3.0 (68.2) 1.4 (31.8) 
Granu locy te s  0. 5 (ioo) 0. 4 (80.0) o . i  (2o.o) 
Macrophages  io . I  (ioo) o . i  (i,o) io.o (99.0) 

* The  difference in cell c o u n t  be tween  inf luent  and  effluent  cells was t a k e n  as the  cell c o u n t  
for t he  g lass -adher ing  cells. 

enzymes, because phenol red, a constituent of Hank ' s  solution, absorbs at 28o nm. 
So, after the incubation for 60 min at 37 °C, the column must be washed sufficiently 
with phosphate-buffered saline. 

Enzyme extraction 
The glass beads with adherent cells were transferred into a round-bottomed 

flask and subjected to seven or more freezing and thawing treatments.  Previous data 
with specific granules from rabbit  polymorphonuclear leucocytes 14, rat  liver lysosomes 
and granules from rabbit  peritoneal macrophages 1 indicated that  repeated freezing 
and thawing, t reatment  with surface-active agents such as saponin, deoxycholate and 
Triton X-Ioo,  mechanical breakage in Waring blender, osmotic breakdown or some 
kind of autolytic breakdown, e.g., thermal activation, was similarly effective to re- 
lease the lysosomal enzymes. A preliminary experiment in this laboratory, however, 
showed that  sonic vibrations decrease the proteolytic activity of the macrophage 
preparation. After several trials of other methods the freezing and thawing t reatment  
was found preferable for the present experiments. The frozen and thawed prepa- 
ration was centrifuged at 3000 rev./min for IO min. The residual debris at this stage 
exhibited no appreciable proteolytic activity on denatured hemoglobin. The super- 
natant  fraction was thus used as the enzyme solution. 

Enzyme assay 
Proteolytic activity was determined using a 1% solution of acid-denatured 

hemoglobin as substrate by  slightly modifying the method of Anson 1". The substrate 
solution was adjusted to the desired pH value between 2.0 and 9.0 with I M NaOH 
or I M HC1. The incubation was carried out at 38 °C for 2 h. After the reaction was 
stopped by  the addition of trichloroacetic acid, the absorbance of the filtrate was 
measured at 280 nm. Control experiments without the substrate were always run, 
because some activity of cellular ribonuclease must  be presentlL The proteolytic ac- 
t ivi ty at pH 7.0 was also measured using 1% casein as substrate by the method of 
Kunitz is with an appropriate modification. The casein substrate for the assay of crude 
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enzyme extract  was pretreated for I5 rain at pH 12 to remove allribonuclease activity 
in the commercial casein 19. 

Actinomycete protease inhibitors 
The isolation and characterization of these inhibitors were described in previous 

papers4-< s-10. Stock solutions (2 mg/ml) of leupeptins and antipain were made in 
water and those of chymostatin and pepstatin in 50% methanol. 

R E S U L T S  

Separation of macrophages with a glass bead column 
The adhesiveness of macrophages onto the glass surface is the basic principle 

for the use of a glass bead column. Table I shows that  glycogen-induced peritoneal 
macrophages actually adhere almost completely to glass beads, while approximately 
70% and 80% of lymphocytes and granulocytes, respectively, are not retained. Ap- 
proximately two-thirds of erythrocytes applied to the column were adherent together 
with macrophages, but this did not seem to cause any serious problems as far as tile 
proteinase assay of these ceils was concerned. A separate experiment in this labora- 
tory has shown that  the proteolytic activity is undetectable in rat erythrocytes under 
the standard assay conditions, although human erythrocytes were shown to be ca- 
pable of splitting protein substrates 2°. Consequently, the results shown in Table I 
may indicate that  the majori ty of proteolytic activity in the cellular lysate which 
was later obtained from the processed glass beads is represented by macrophage 
enzymes. 
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Fig .  i .  D e p e n d e n c e  o n  p H  o f  t h e  h e m o g l o b i n - h y d r o l y z i n g  a c t i v i t y  o f  r a t  p e r i t o n e a l  m a c r o p h a g e s .  
A n  i n c u b a t i o n  m i x t u r e  m a d e  o f  i m l  o f  1 %  d e n a t u r e d  h e m o g l o b i n  s o l u t i o n  a d j u s t e d  t o  d e s i r e d  
p H ,  0. 3 m l  o f  b u f f e r  a t  v a r i o u s  p H  v a l u e s ,  a n d  0 .2  m l  o f  t h e  e n z y m e  s o l u t i o n  w a s  a l l o w e d  t o  s t a n d  
a t  38 °C f o r  2 h .  T h e  r e a c t i o n  w a s  t e r m i n a t e d  b y  t h e  a d d i t i o n  o f  3 m l  o f  5 %  t r i c h l o r o a c e t i c  a c i d ,  
a n d  t h e  a b s o r b a n c e  a t  2 8 0  n m  o f  t h e  f i l t r a t e  w a s  m e a s u r e d .  T h e  o r d i n a t e  is f o r  t h e  i n c r e m e n t  in 
a b s o r b a n c e  a t  2 8 0  n m  a f t e r  2 h i n c u b a t i o n .  

pH-activity curve 
As shown in Fig. I, the protease activity is maximal at pH 4.o and also detected 

in the neutral pH range. The present observation is in general agreement with earlier 
reports on the proteolytic activity of granulocytes in the peritoneal exudate 1. The 
very low activity observed at pH 2.5 suggests an almost complete absence of cathep- 
sin E~, s. 
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T A B L E  I I  

E F F E C T  OF V A R I O U S  E F F E C T O R S  ON P R O T E A S E S  OF RAT P E R I T O N E A L  M A C R O P H A G E S  

Ig I  

Effector Final conch Percent activity* 

Hydrolysis of Hydrolysis of 
hemoglobin at pH  4.0 casein at pH  7.o 

Leupept ins  13.2 #g /ml  82.8 85.2 
132/~g/ml 83. 3 80. 5 

Peps ta t in  13.2/zg/ml 17. 9 88.8 
132/zg/ml 19.1 44.5 

Chymos ta t in  13.2 ptg/ml 85. 5 29.6 
132/zg/ml 56.6 30.4 

Ant ipain  13.2 #g/ml  88.6 91.8 
132 #g /ml  83.0 74.6 

HgC12 I × lO -4 M 86.8 57.4 
I X IO -a M 79.8 27.2 

Cysteine i x Io -4M 111. 4 lOl.2 
I x Io -SM 114.6 lO8. 3 

E D T A  i X lO -4 M lO9. 3 78.1 
I X IO -3 M 103.1 81.1 

* Taking the respective activities at  p H  4.0 and at  p H  7.0 in the absence of  effectors as 
I O O % .  

Inhibition of proteases at pH 4.o 
When four different kinds of actinomycete protease inhibitors were tested for 

their abilities of inhibition, pepstatin, a pepsin (EC 3.4.4.1) inhibitor, showed an out- 
standing effect (Table II). This strongly suggests the predominance of cathepsin D 
action, since cathepsin D, a pepsin-like acid protease, is markedly inhibited by pep- 
statin, while cathepsins A and B are not inhibited 7. The concentration of pepstatin 
required for 50% inhibition of macrophage cathepsin D can be calculated from the 
sigmoid portion of the curve shown in Fig. 2, corresponding to 39% inhibition of the 
total proteolytic activity. The obtained value is 4.7" lO-3 #g/ml, which is even smaller 
than the value (I .I .  lO -2 #g/ml) for cathepsin D from swine liver 7, The right-hand flat 
portion of the curve in Fig. 2 suggests the presence of additional protease or pro- 
teases which could not be inhibited by pepstatin. As shown in the figure, the residual 
activity (approx. 2O~o ) found in the presence of a large amount of pepstatin was 
further inhibited by leupeptins, chymostatin or antipain. The latter finding together 
with the partial susceptibility of the original activity to Hg *+ and the small but signi- 
ficant increase in activity by cysteine (Table II) may be consistent with the presence 
of cathepsin B activity as a minor component of the acid proteases in the macrophage 
lysate. 

Inhibition of proteases at pH 7.o 
As shown in Table II, approx. 7o% of the caseinolytic activity at pH 7.o was 

inhibited by chymostatin, a chymotrypsin (EC 3.4.4.5) inhibitorS. The concentration 
of chymostatin required for 50% inhibition can be obtained from the sigmoid portion 
of the curve shown in Fig. 3. A value of 1.32 #g/ml was obtained. This value is higher 
than the reported value for chymotrypsin (o.15/zg/ml) 5. The residual activity (ap- 
prox. 30%) found in the presence of excess amount of chymostatin was found to be 
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Fig.~2. Effect.,of actinomycete;:protease inhibitors on" the '  hemoglobin-hydrolyzing activity of 
rat peritoneal macrophages at pH 4.o. The sigmoid curve represents the effect of concentration of 
pepstatin. On the right are shown the results obtained after the addition of leupeptins (1.32 
/,g/ml), chymostatin (1.32 iig]ml), or antipain (1.32 Fg/ml) together with pepstatin (1.32-1o -1 
t,g/ml). The results of enzyme assays are expressed in terms of percent activity, taking the acti- 
vity in the absence of inhibitor as lOO%. 

Fig. 3- Effect of actinomycete protease inhibitors on the casein-hydrolyzing activity of rat peri- 
toneal macrophages at pH 7.o. The sigmoid curve represents the effect of concentration of chymo- 
statin. On the right are shown the results obtained after the addition of leupeptins (13.2 #g/ml), 
pepstatin (I3.2 Fg/ml), antipain (13.2 l,g/ml), or mercuric chloride (i- lO .3 M) together with chy- 
mostatin (13.2 #g/ml). The results are expressed as in Fig. 2. 

insensitive to further additions of other three kinds of actinomycete inhibitors, but 
sensitive to HgC12 (Fig. 3). These results indicate the simultaneous presence of a 
chymotrypsin-like enzyme (or enzymes), which makes up the major portion of the 
original activity, and a thiol protease (or proteases) as a minor constituent. 

DISCUSSION 

The lysate preparation used in the present study was obtained from the peri- 
toneal exudate cells that  adhered onto the glass beads. The majori ty of the adhering 
cells were macrophages, but smaller numbers of lymphocytes and a minute amount 
of granulocytes could not be eliminated (Table I). The purification of macrophages 
by  polysucrose density-gradient centrifugation has recently been described 21. 

The results of the present experiments indicate that  at both pH 4.0 and 7.0 
at least each two different kinds of proteases can be discerned. The question then ari- 
ses whether there are in fact four different kinds of proteases or there are only two or 
three enzymes which actually have two pH optima. The pepstatin-sensitive protease, 
which was found to be active at pH 4.0 and one may  call cathepsin D, seems to be dif- 
ferent from the protease functioning in the digestion of casein at pH 7.0, because the 
latter digestion was not as readily inhibited by pepstatin as the hemoglobin hydrolysis 
at pH 4.0 was (Table II). Likewise, the chymotrypsin-like activity found at pH 7.0 
can not account for the major part  ability of hemoglobin to be digested at pH 4.0. 
The non-identity between these two major proteases, one acting at pH 4.0 and the 
other at pH 7.0, is thus apparent.  Weston et al. 22 demonstrated that  acid protease, 
eathepsin D, could function also at neutral pH in the degradation of chick embryonic 
cartilage. 

The second and minor activity responsible for casein digestion at pH 7.0 was 
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found to be insensitive to leupeptins and antipain (Fig. 3), and in this respect it does 
not seem to be identical with the second enzyme found at pH 4.0. The latter resembles 
cathepsin B with an acidic pH optimum, whereas the former is less well-defined at 
the present moment. These lines of evidence so far available may support the pre- 
sence of at least four different kinds of proteases in the lysate preparation used. 
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