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SUMMAR‘Y: When injected into rats, leupeptin and E-64 (N-[N-(L- 
3-trans-carboxyoxirane-2-carbonyl)-L-leucyl]agmatine), potent 
thiol protease inhibitors of microbial origin, inhibited 
cathepsin B (EC 3.4.22.1) and cathepsin L (EC 3.4.22.-) in the 
lysosomal fraction of liver. Both compounds strongly inhibited 
cathepsin B, but E-64 had more effect than leupeptin on 
cathepsin L. 
5) * 

Neither compound inhibited cathepsin D (EC 3.4.23. 
E-64 reduced the apparent turnover rate of aldolase (EC 4. 

1.2.13) markedly and the turnover rates of lactic dehydrogenase 
(EC 1.1.1.27) and total soluble protein slightly. Leupeptin had 
apparently less effect on degradation of those enzymes, but 
significant effect on degradation of aldolase. These results 
indicate that proteinases, 
E-64 or leupeptin, 

which are sensitive to inhibition by 
especially cathepsin L and cathepsin B may be 

important in degradation of aldolase. 

Little is known about the molecular mechanism of intra- 

cellular protein degradation or the intracellular proteases 

involved in the degradations of individual proteins. Recently, 

the roles of intracellular proteases in protein catabolism have 

been studied with help of protease inhibitors (l-6). These 

findings indicate that lysosome proteases are involved in 

breakdown of intracellular proteins. However, there are no 

studies on the roles of lysosomal proteases in degradations of 

individual enzymes. In this work we examined roles of lysosomal 

proteases in the degradation of fructose biphosphate aldolase and 

lactic dehydrogenase -in viva in rat liver cytosol, using the 

specific protease inhibitors leupeptin and E-64. E-64, which 

Abbreviation: E-64, N-[N-CL-3-trans-carboxyoxirane-2- 
carbonyl)L-leucyllagmatine 
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was isolated from AbpefigiUun japunicun (7,8) and leupeptin are 

powerful inhibitors of cathepsin B and cathepsin L (9-13). We 

choose for this study aldolase and lactic dehydrogenase, because 

the former is preferentially inactivated by cathepsin B, because 

the latter is resistant to cathepsin B (12,13). Present paper 

provides that E-64 is very effective for inhibition of degra- 

dation of aldolase hn viva. 

MATERIALS AND METHODS 

ChemicaLA: N-Benzoyl-DL-arginine-p-nitroanilide (BAPA) and azo- 
casein were obtained from Sigma Chemical CO. Fructose biphosphate, 
NADH, triose monophosphate isomerase and glycero-3-phosphate 
dehydrogenasewere from Boehringer Mannheim. [C14]NaHC03 (60.3 
mCi/mmol) was obtained from New England Corp. NCS solubilizer 
was from Amersham/Searle. Leupeptin and E-64 were gifts from 
Dr. Aoyagi (Institute of Microbial Chemistry) and Dr. Sawada 
(Taisho Pharmaceutical Co.), respectively. All other chemicals 
were of analytical grade and were obtained from Wako Chemical 
Industry (Tokyo) or Sigma Chemical Co. 

AnLmaRn: Male Wistar-strain rats of 140-160 g body weight were 
maintained on regulatory chow and water ad LLbitum during the 
experimental period. 

Injection 06 Ptoteane Inhibitotro and Paepakation 06 Lynonome 
Ftractco nb: Leupeptin was dissolved into 0.9% NaCl and injected 
intraperitoneally at the doses indicated in the legends to 
Figures and Tables; in turnover studies, it was injected once 
every 8 h. E-64 was administered subcutaneously as a 1:l 
emulsion with complete adjuvant (DIFCO); in turnover studies, it 
was injected once every 8 h. Rats were killed by a blow on the 
head. All subsequent steps were carried out at 0-4'C. Three 
grams of liver was minced and homogenized in 10 w/v of 0.25 M 
cold sucrose in a Potter-Elvehjem homogenizer fitted with a 
Teflon pestle. The homogenate was centrifuged at 800 xg for 
10 min, and the supernatant was recentrifuged at 12,000 xg for 
20 min in a Sorval Superspeed RC Z-B. The resulting precipitate 
was washed twice with 0.25 M sucrose and suspended in 5.8 ml of 
0.25 M sucrose, and then solubilized by addition of 0.2 ml of 
10% Triton X-100. This extract was used for assays of cathepsin B 
and cathepsin L activities. 

Admininthation 06 Isotope: Rats were injected with inhibitors 
d b d above and given a single intraperitoneal injection 

E'f Oe?cikieof [Cl4 ]NaHCOa in 1 ml of 0.9% NaCl 1 h before 
sacrifice. Three rats each were killed 1, 25, 49 and 73 h after 
the first injection of inhibitor. Their livers were combined 
and homogenized in 0.25 M sucrose containing 10 mM Tris-HCl 
buffer, pH 7.5, Protein in the supernatant obtained by centri- 
fugation at 105,000 xg, for 60 min was precipitated with 10% 
trichloroacetic acid and washed as described by Siekevitz (14). 
The protein was then dissolved in 0.1 ml of NCS solubilizer and 
neutralized with acetate and its radioactivity was counted in 
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10 ml of Triton-toluene. Radioactivity in purified enzyme 
solutions was counted directly without precipitating the protein 
with trichloroacetic acid. The rates of decay of enzymes and 
protein fractions are shown as decreases in total counts in 
these fractions. 

Enzyme Puhi6icaXion: Rat liver aldolase and lactic dehydrogenase 
was purLfled by a modification of the methods of Rutter et al. 
(15) and Scopes (16), respectively, permitting isolation of the 
two enzymes from the same extract of liver. Obtained enzymes 
appeared homogeneous on sodium dodecyl sulphate polyacrylamide 
gel electrophoresis. The recoveries of both enzymes were 60-80%. 

Enzyme Anoayn : Fructose biphosphate aldolase was measured at 25°C 
by the ~nethdd of Rutter et al. (15). Lactic dehydrogenase was 
assayed by measuring the decrease in absorbance at 340 nm in a 
final volume of 1 ml at 25°C. The assay mixture contained 50 mM 
Tris-HC1 buffer, pH 7.5, 1 mM pyruvate and 0.2 mM NADH. Activi- 
ties in cathepsin B was measured by the method of Otto (17). 
The p-nitroaniline liberated was converted to an azodye by 
diazotization and coupling, and its concentration was measured 
at 560 :nm (18). Cathepsin L was assayed as described by 
Kirschke et al. (9). One unit is expressed as the amount of 
enzyme cause a change of Asss/min per ml. 

RESULTS AND DISCUSSION 

Efjdectc, 06 Admininthation 06 Photease Inhibitohb on Cathepnin 8 

and CaXhcpnin L AckLviLLeb: Fig. 1 shows the time courses of 

changes in activity of cathepsin B after a single intraperitoneal 

injection of 0.8 mg/rat of leupeptin as a solution in saline and 

subcutaneous injection of 1.5 mg/rat of E-64 as an emulsion in 

oil. Cathepsin B activity was inhibited appreciably within 1.5 h 

after injection of leupeptin or E-64 and the inhibition continues 

for at least 6 h, but disappeared completely within 24 h. When 

E-64 was administered intraperitoneally, inhibition of 

cathepsin B started to decrease within 3 h and disappeared 

completely within 6 h. Thus, E-64 was administered subcutaneously 

as an oil emulsion in subsequent studies. The changes in 

cathepr;in B and L activities 6 h after administration of various 

concentrations of the inhibitors are shown in Fig. 2. Both 

inhibitors showed dose-dependent inhibition of cathepsin B 

causing at least 80% inhibition at high concentrations. However, 
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Fig. 1. Time course of change in cathepsin B activity in 
isolated lvsosomal fractions from rat liver treated with 
protease inhibitors. Leupeptin in 0.9% saline was injected 
intraperitoneally at 0 time at a dose of 0.8 mg/rat, and 1.5 
mg/rat of E-64 was injected subcutaneously as an emulsion with 
oil. Control rats received only 0.9% saline or oil. At the 
indicated times, rats were killed and the lysosomal fraction 
was isolated as described in the “Materials and Methods” and 
the cathepsin B activity was determined. D---O control 
activities; M , cathepsin B activity after ireatment with 
leupeptin; M , cathepsin B activity after treatment with 
E-64. 

Fig. 2. Effect of the dose of leupeptin (1) or E-64 (2) on 
cathepsin B and L activities in the lysosomal fraction of 6 h 
after treatment. Leupeptin was injected intraperitoneally in 
0.9% saline and E-64 was injected subcutanelusly as an emulsion 
with oil. 6 h after injections, rats were killed, the lysosomal 
fraction of the liver was isolated as described in the “Materials 
and Methods”, and cathepsin B and L activities were determined; 
Cathepsin B activity ( G---O ), Cathepsin L activity ( M ). 

their effects on cathepsin L activity were rather different; 

leupeptin was less inhibitory than E-64, causing less than 40% 

inhibition even at high concentrations, whereas E-64 caused more 

than 60% inhibition at a dose of 2.0 mg/rat. Actual inhibition 

of cathepsin L activity by E-64 or leupeptin could be higher, 

since the observed activity includes that of other protease 

besides cathepsin L, because of use of non-specific substrate, 

azocasein (11). Neither inhibitor had any effect on cathepsin D 

or acid phosphatase activity, when assayed in the same 

preparations. Their action, however, may not be limited to those 
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P 3. 
Effects of protease inhibitors on the rates of 

egrztion of fructose biphosphate aldolase (A), lactic 
dehydrogenase (B) and total soluble proteins (C). Rats weighing 
140 to 160 g were given a single injection of 100 uCi of 
[14C]NaHC0s and then injected with an inhibitor and every 8 h 
starting one h later. Dose of 0.8 mg/rat of leupeptin and 
2.0 mg/rat of E-64 were given. Leupeptin was injected intra- 
peritoneally in 0.9% saline and E-64 was injected subctaneously 
as an emulsion with oil. Rats were killed at the indicated 
times after the first injection of inhibitor, and aldolase and 
lactic dehydrogenasewereisolated from the pooled livers from 
3 rats. Results are shown as total counts of radioactivity in 
enzyme protein or protein fractions/g liver. G---O , specific 
radioactivities of control; @---+ , specific radioactivities 
after treatment with leupeptin; - , specific radioactivities 
after treatment with E-64. 

proteases, since potentially inhibitable endoproteinases have 

been demonstrated in liver (19-21). 

Tumovc4 RaXteo orj ALdoLane and Lactic Uk?hydhogenancz in ConthoL 

and Photeabe lnhibitoxs-Theated RaXs: Rats were fed on normal 

laboratory chow ad Ribitum and injected with leupeptin or E-64 

once every 8 h. Injection of the inhibitors was started 1 h 

after injection of [C14]NaHC03. The rates of decay of enzymes 

and protein fractions were measured as the rates of decrease in 

total counts in these fractions. 

The results in Fig. 3 show that leupeptin was less inhibitory 

than E-64 on the rates of degradation of the marker proteins, 
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aldolase and lactic dehydrogenase in the cytosol. But the 

apparent turnover rate of aldolase was reduced significantly by 

leupeptin, In E-64-treated animals the half lives of the 

proteins, and especially aldolase, were longer. The half lives 

of aldolase, lactic dehydrogenase and total soluble proteins in 

control animals were estimated as 2.4 days, 3.5 days and 2.1 

days, respectively. Stronger effect of E-64 to reduce turnover 

rates of marker proteins seems to partly be due to the difference 

in inhibitory effects of the two inhibitors on cathepsin B and L 

(especially cathepsin L). It is not, however, ruled out that 

the unknown mechanism of proteinase inhibitors by their administ- 

ration in viva may operate for occurence of this difference. 

Injection of these inhibitors did not cause loss of body 

weight or decrease in food intake or have any effect on protein 

synthesis. The rate of aldolase and lactic dehydrogenase 

syntheses before and after injection of protease inhibitors was 

measured by pulse-labeling and isolation of the enzymes, No 

significant effect on the rates of synthesis of the two enzymes 

by treatment of protease inhibitors was observed (not shown). 

Leupeptin was also found not to influence protein synthesis in 

cell cultures by Hopgood et al. (22) and Seglen et al. (23). 

Therefore, these protease inhibitors appear to decrease degra- 

dation of enzymes by a specific action, not by a non-specific 

toxic effect. 

Injection of the protease inhibitors in viva resulted in 

less than 30% decrease in aldolase activity in the cytosol and 

had no effect on lactic dehydrogenase activity in the cytosol. 

Then, the rates of decay of enzymes are expressed as decreases 

in total counts in these fractions. Preliminary results showed 

that after injection of inhibitors rat liver contains a 
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enzymatically less active form of aldolase with lower specific 

activity. Studies on the mechanisms of less active form of 

aldolase are now in progress. 
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