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Summary 

When leupeptin, a thiol protease inhibitor of  microbial origin, was injected 
into rats, the activity of  fructose-l ,6-bisphosphate aldolase (D-fructose-l,6-bis- 
phosphate D-glyceraldehyde-3-phosphate-lyase, EC 4.1.2.13) in the liver 
decreased to about  60% of that in control rats. However, the concentration of  
aldolase protein in the liver extracts, measured with a specific ant ibody ob- 
tained with enzyme purified on a phosphocellulose column, remained un- 
changed. 

Injection of leupeptin also caused a marked increase in the activities of  free 
lysosomal proteases, such as ca theps inB (EC 3.4.22.1), cathepsin L (EC 
3.4.22.-), cathepsin D (EC 3.4.23.5) and lysosomal carboxypeptidase A in the 
cytosol fraction. A clear inverse relationship between aldolase and cathepsin B 
activities in the cy toso l  fraction was demonstrated.  The possibility that the less 
active form of aldolase detected in the livers of  leupeptin-treated rats was pro- 
duced during homogenization was excluded by showing that the aldolase activ- 
ity was not  changed by addition of  various protease inhibitors to the homo- 
genization medium. When insulin was coinjected with leupeptin, increase in the 
activity of  free cathepsin L and decrease of  activity of  aldolase produced by the 
injection of  leupeptin was prevented. These findings indicate that  modification 
of  aldolase may be due to the action of  a lysosomal protease(s). Enhanced 
sensitivity of  lysosomes to osmotic shock was demonstrated in the livers of  leu- 
peptin-treated rats, suggesting that the lysosomal membrane is labilized by 
administration of  leupeptin. Incubation of  the purified aldolase with the lyso- 

A b b r e v i a t i o n s :  PMSF, phenylmethylsulfonyl fluoride; Cbz, caxbobenzoxy; E-64, (N-(N-(L-3-trans- 
caxboxyoxirane-2-carbonyl)-L-leucyl)agmatine); Z-Glu-Phe, carbobenzoxy-L-glutamyl-L-phenylalanine. 
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somal fraction produced the same changes in properties of aldolase as those ob- 
served in vivo on injection of leupeptin. 

Introduction 

Previously we reported that administration of a microbial protease inhibitor, 
leupeptin or E-64 (N-(N-(L-3-transcarboxyoxirane-2-carbonyl)-L-leucyl)- 
agmatine), inhibited the activities of cathepsin B and cathepsin L in the lysoso- 
mal fraction of the liver and that these inhibitors also reduced the turnover rate 
of  liver aldolase [1]. During these studies, we found that the activity of 
aldolase is consistently low in rats treated with protease inhibitors. 

Therefore, in the present work we have examined the catalytic and molec- 
ular properties of aldolase from control and leupeptin-treated animals and 
found that enzyme purified from inhibitor-treated animals had low specific 
activity, although it showed no appreciable change in molecular weight. A 
possible explanation of these changes in properties of aldolase is proteolytic 
modification of the enzyme by lysosomal protease(s). We found that injection 
of leupeptin resulted in an increase in activity of free lysosomal proteases in the 
cytosol fraction and we also observed an inverse relationship between the activ- 
ities of aldolase and cathepsin B, a lysosomal marker. 

This paper reports the effects of administration of leupeptin in vivo on liver 
aldolase and reports evidence that a lysosomal protease(s) is involved in modi- 
fication of the enzyme. 

Materials and Methods 

Materials. N-Benzoyl-DL-arginine-p-nitroanilide and azocasein were pur- 
chased from Sigma Chemical Co. Triose phosphate isomerase, glycerol-3-phos- 
phate dehydrogenase and NADH (sodium salt) were from Boehringer, Mann- 
heim, F.R.G. Z-Glu-Phe was from the Peptide Center (Institute for Protein 
Research, Osaka). Hemoglobin and p-phenyl phosphate were from Wako Pure 
Chemical Industry Co., Kyoto. Leupeptin and E-64 were kindly supplied by 
Dr. Aoyagi (Institute of Microbial Chemistry, Tokyo) and by Dr. Sawada 
(Taisho Pharmaceutical Co., Tokyo), respectively. DEAE-cellulose was from 
Whatman and phosphocellulose was from Serva, F.R.G. Regular insulin and 
triamcinolone acetonide were obtained from Shimizu Pharmaceutical Co., 
Japan and Sankyo Co., Japan, respectively. All other reagents were standard 
analytical grade products. Aldolase was purified from rat liver by the method 
of Rutter et al. [2], except that material was fractionated with 45--70%, not 
45--60% (NH4)2SO4. 

Injection of protease inhibitor and preparation of the cytosol and lysosomal 
fractions. Leupeptin was injected subcutaneously as a 1 : 1 emulsion with com- 
plete adjuvant (DIFCO) at the doses indicated in the legends to figures and 
tables. Control rats were injected with oil only. The livers were removed from 
rats immediately after injection and weighed and chilled on ice. Samples of 5 g 
liver were minced and homogenized in 4 vol. cold 0.25 M sucrose, pH 7.0. The 
homogenate was centrifuged in 10 ml portions for 60 min at 105 000 X g and 



380 

the resulting supernatant was used as the cytosol fraction. The remaining 
homogenate was used to obtain the heavy particular fraction as described pre- 
viously [ 1 ], and this is referred to here as the lysosomal fraction. The resulting 
lysosomal fraction was suspended in 5.8 ml of  0.25 M sucrose/ 1 mM EDTA, 
pH 7.0, and solubilized by addition of  0.2 ml 10% Triton X-100. This extract 
was used for assays of  lysosomal enzymes. 

Injection of insulin and triamcinolone. Rats were given 1.0 unit regular 
insulin intraperitoneally at zero time, followed by 1 unit at 3 h. Animals also 
received 2 ml 10% glucose at 0 and 3 h to prevent hypogiycemic shock. 
Triamcinolone acetonide (1 mg/100 g body weight) was injected intraperitone- 
ally at zero time. 

Enzyme assay. Fructose-bisphosphate aldolase was measured at 25°C by the 
method of  Rut ter  et al. [2]. Glucose-6-phosphate dehydrogenase (EC 1.1.1.49), 
malic enzyme (EC 1.1.1.40), phosphoenolpyruvate carboxykinase (EC 
4.1.1.32), pyruvate kinase (EC 2.7.1.40), malate dehydrogenase (EC 1.1.1.37) 
and lactic dehydrogenase were assayed by measuring the decrease or the 
increase in absorbance at 340 nm in a final volume of 1 ml at 25°C. Enzyme 
assays were performed by the methods of  Rudack et al. [3],  Hsu and Lardy 
[4],  Tanaka et al. [5],  Englard [6] and Stolzenbach [7],  respectively. 
Cathepsin B was measured by the method of  Ot to  and Bhakdi [8] with 
benzoyl-DL-arginine p-nitroanilide as a substrate. The p-nitroaniline liberated 
was converted to an azo~lye by diazotization and coupling, and its concentra- 
tion was measured at 560 nm [9]. Cathepsin L and cathepsin D were deter- 
mined by the methods of  Kirschke et al. [10] and Matsuda and Misaka [11],  
respectively. In assay of  cathepsin!D, 20 pg/ml pepstatin were included in the 
control incubation mixture to measure the actual cathepsin D activity. 
Similarly, assay of  cathepsin L was performed in the presence and absence of  
40 pg/ml E-64, and cathepsin L activity was calculated as E-64-sensitive 
azocasein hydrolytic activity. 1 unit of  activity is expressed as the amount  of 
enzyme causing a change of  1 unit of  absorption at A 366/min per ml. Lysoso- 
mal carboxypeptidase A activity was assayed with Z-Glu-Phe as substrate, by 
measuring the amount  of  ninhydrin-positive material in the trichloroacetic acid- 
soluble supernatant. The reaction mixture (1 ml) contained 0.05 M acetate 
buffer, pH 5.5/5 mM Z-Glu-Phe and an appropriate amount  of  enzyme protein. 
Incubation was carried out  for 30--120 min at 37°C. Acid phosphatase (EC 
3.1.3.2) was measured as described by Igarashi and Hollander [12].  

Protein determination. Protein was measured by the method of  Lowry et al. 
[ 1 3 ]  with crystalline bovine serum albumin as a standard. 

Immunological techniques. Anti-aldolase antiserum was raised in a goat im- 
munized with homogeneous rat liver aldolase prepared as described above. The 
antiserum was monospecific,  when analysed by Ouchterlony immunodiffusion 
and immunoelectrophoresis.  Immunoti trat ion was performed on the 105 000 × 
g supernatant solution obtained from the livers of control and leupeptin- 
treated rats. 

SDS-polyacrylamide gel electrophoresis. SDS-polyacrylamide gel electro- 
phoresis was carried out  by the method of  Laemmli [14] with 10% or 12% gel. 
Gels were fixed and stained with 7% acetic acid/25% methanol/0.1% Coomassie 
brilliant blue (v/v/w) for 1 h and destained with 7% acetic acid/25% methanol 
(v/v). 
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Assessment of  lysosomal osmotic sensitivity. Rats were injected with 0.8 mg 
leupeptin/100 g body weight. The rats were killed 6 h after the injection and 
their liver was removed. Three livers were combined and chopped up with 
scissors, and 2.0 g minced liver was homogenized in a Potter-Elvejhem homo- 
genizer with 4 vol. of  1 mM EDTA, pH 7.0, in water or sucrose solution at the 
concentration indicated in the figures. The homogenate was centrifuged at 
105 000 × g for 60 min and the supernatants obtained were used for assay of 
acid phosphatase and lysosomal carboxypeptidase A. 

Results 

Decrease of  rat liver aldolase activity on administration of  leupeptin in vivo 
Leupeptin was injected subcutaneously as a 1 : 1  oil emulsion into un- 

starved rats at a dose of 1.0 mg/rat,  and the cytosol fractions from the liver 
of control rats and rats, 6 h after the injection of  leupeptin, were assayed of  
activities of various cytosolic enzymes. The results in Table I show that  admin- 
istration of  leupeptin caused a decrease in aldolase activity to about 60% of the 
control value and a slight increase in glucose-6-phosphate dehydrogenase activ- 
i ty,  but it did not  significantly affect the levels "of other enzymes. For examina- 
t ion of  the properties of  aldolase, the enzyme from the liver of control rats and 
rats treated with protease inhibitor was purified by chromatography on phos- 
phoceUulose. Recoveries of  two types of  enzymes from the column were more 
than 80% and there was not  much difference between them. The decrease of  
aldolase activity in the crude extracts on injection of leupeptin was associated 
with decrease in the specific activity of the purified enzyme (Table II). The 
ratios of  the specific activities of  the crude and purified enzyme preparations 
were similar in control and leupeptin-treated rats, indicating that  after injection 
of  leupeptin rat liver contains a less active form of  aldolase with a lower 
specific activity. Accumulation of this less active aldolase was also demon- 
strated by t i tration of  crude extracts with anti-aldolase antibody. Nearly 1,5- 
times more ant ibody was required to precipitate the same amount  of enzyme 
activity in extracts of  liver from leupeptin-treated rats. However, no change in 

T A B L E  I 

A C T I V I T Y  O F  V A R I O U S  C Y T O S O L I C  E N Z Y M E S  I N  L I V E R S  F R O M  C O N T R O L  A N D  L E U P E P T I N -  
T R E A T E D  R A T S  

R a t s  w e i g h i n g  1 2 0 ~ - 1 4 0  g w e r e  in jec ted  s u b c u t a n e o u s l y  w i t h  0 .8  m g / 1 0 0  g b o d y  w e i g h t  o f  l e u p e p t i n  as a n  

o i l  e m u l s i o n .  C o n t r o l  rats w e r e  i n j e c t e d  w i t h  o n l y  oi l .  R a t s  we re  k i l l e d  a t  6 h after  the  in jec t ion  and the  
c y t o s o l  fract ion  f r o m  the  l i v e r  was  used  for  assay  o f  v a r i o u s  e n z y m e s .  V a l u e s  represent  m e a n s  o f  act iv i ty  
o f  f ive rats ± S.D.  ( # t o o l / r a i n  p e r  g l ive r ) .  

T r e a t m e n t  A l d o l a s e  G l u c o s e - 6 -  Mal ic  Phosphoenol- P y r u v a t e  M a l a t e  L a c t i c  

p h o s p h a t e  e n z y m e  pyruvate  kinase  d e h y d r o -  d e h y d r o -  
d e h y d r o -  c a r b o x y -  genase  genase  
genase  k i n a s e  

C o n t r o l  8 .4  ± 0 .5  2 :6  ± 0 . 5  2 .8  ± 0 .3  3 .4  ± .0 .3  3 .6  ± 0 .6  1 5 4  + 4 2 2 9  ± 2 0  
Leupept in -  

t reated  5.2  ± 0 .4  3 .4  ± 0 .1  2 .9  ± 0 . 4  3 .9  ± 0 .4  4 .1  ± 0 .6  1 7 9  ± 14  2 3 0  ± 2 5  
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T A B L E  II  

P R O P E R T I E S  O F  A L D O L A S E  F R O M  L I V E R S  O F  C O N T R O L  A N D  L E U P E P T I N - T R E A T E D  R A T S  

L e u p e p t i n  was  i n j ec t ed  s u b c u t a n e o u s l y  a t  a dose  o f  0.8 r a g / 1 0 0  g b o d y  w e i g h t  as an  oil emuls ion .  Con t ro l  

ra ts  were  in j ec t ed  w i t h  on ly  oil. R a t s  were  ki l led at  6 h a f t e r  t he  i n j ec t ion  and  the  c y to so l  f r ac t i on  was  
o b t a i n e d .  Aldolase  was  pur i f i ed  on  a phosphoceUu lose  c o l u m n  f r o m  the  l ivers  o f  f ive rats .  I m m u n o t i t r a -  
t i on  of  a ldolase  in l iver  cy to so l  f r ac t i ons  f r o m  con t ro l  and  l e u p e p t i n - t r e a t e d  ra t s  was  p e r f o r m e d  as 
fo l lows :  to  0.1 un i t  a ldolase d i f f e r e n t  a m o u n t s  of  a n t i s e r u m  were  a d d e d  in a f inal  v o l u m e  o f  1.0 ml .  The  
m i x t u r e s  were  t h e n  i n c u b a t e d  at  2 5 ° C  fo r  30  ra in  and  k e p t  ove rn igh t  a t  4°C and  the  c e n t r i f u g e d  super-  
n a t a n t s  ( 3 0 0 0  r e v . / m i n  fo r  10 ra in)  were  used  fo r  assay of  a ldolase ac t iv i ty .  

T r e a t m e n t  Aldolase  ac t iv i ty  

Cy to so l  f r ac t i ons  

(un i t s / r ag  p r o t e i n )  

Pur i f i ed  e n z y m e  

(un i t s / r ag  p r o t e i n )  

I m m u n o t i t r a t i o n  
(ml  a n t i b o d y / u n i t  a ldolase)  

Con t r o l  0 .140  4 .27  0 .24  
L e u p e p t i n - t r e a t e d  0 .099  3 .02  0 .34  

the apparent molecular weight of  the enzyme was detected by SDS-polyacryl- 
amide gel electrophoresis (data not  shown). 

Increase o f  activities o f  lysosomal enzymes in the cytosol after administration 
o f  leupeptin in vivo 

There are two possible explanations for the accumulation of  the less active 
form of aldolase: covalent modification or limited proteolysis of the enzyme. It 
is known that addition of  chloroquine to lysosomes in vitro causes inhibition of  
lysosomal cathepsin B [15] and release of  the enzyme(s) into the medium 
[16].  Previously [1] we found that administration of  leupeptin or E-64 to rats 
inhibited the lysosomal cathepsin B and cathepsin L activity in their liver. 
Therefore, in this work we examined the second possibility by  measuring the 
levels of  lysosomal enzymes in the cytosol  fractions of  the liver of  control  and 
leupeptin-treated rats. Leupeptin was injected subcutaneously. The rats were 
killed 6 h after the injection and the lysosomal and cytosol  fractions of  their 
liver were separated. As shown in Table III, leupeptin treatment resulted in 
marked inhibition of cathepsin B and cathepsin L in the lysosomal fraction, as 
described previously [1],  and decrease in the total activities of  the two 
cathepsins. Cathepsin B, L and D are normally associated with lysosomes, but  
the distribution of  these lysosomal markers was altered by treatment with leu- 
peptin, the activity of  the free enzyme in the cytosol  fraction increasing 
markedly. Another lysosomal marker, acid phosphatase, also showed a similar 
change in subcellular distribution after leupeptin treatment,  although the activ- 
ity of  the free enzyme in the cytosol  fraction of the livers were already high in 
control  rats. 

A significant relation between increase of  free lysosomal proteases and 
decrease of  aldolase was demonstrated by plotting the values for these two 
activities, found in the liver of  rats injected with various concentrations of  leu- 
peptin. As shown in Fig. 1, a clear inverse relationship between free cathepsin B 
activity and aldolase activity was observed, suggesting that free lysosomal 
enzyme(s) released from the lysosomes is involved in formation of  the less 
active form of  aldolase. 
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T A B L E  I I I  

E F F E C T  O F  A D M I N I S T R A T I O N  O F  L E U P E P T I N  O N  T H E  L E V E L S  A N D  D I S T R I B U T I O N S  O F  

L Y S O S O M A L  E N Z Y M E S  IN  R A T  L I V E R  

0.8 r a g / 1 0 0  g b o d y  w e i g h t  o f  l e u p e p t i n  was  i n j ec t ed  s u b c u t a n e o u s l y  as an oil e m u l s i o n .  R a t s  were  ki l led 

6 h a f t e r  t he  i n j ec t ion  and  the  c y t o s o l  l y s o s o m a l  f r a c t i o n s  were  used  for  m e a s u r e m e n t  o f  the  ac t iv i t i es  o f  

c a thep s i n s  (B, L and  D)  and  acid  p h o s p h a t a s e .  Va lues  are m e a n s  ± S.D. for  f o u r  rats .  

E n z y m e  Cell f r a c t i o n  Con t ro l  L e u p e p t i n - t r e a t e d  

C a t h e p s i n  B f ree  0 . 2 5  + 0 . 0 5  0 .90  + 0 .12  
( m U / g  l iver)  b o u n d  6 .90  ± 1 .41 0 .95  ± 0 .20  

f ree  + b o u n d  7.1 1 .85 

C a t h e p s l n  L f ree  2 .72  ± 0 .91  9 .72  ± 2 .80  
( m U / g  l iver)  b o u n d  31 .0  ± 5 .00  9 .80  ± 2 .40  

f ree  + b o u n d  33.7  19 .5  

C a t h e p s i n  D free 0 .043  ± 0 . 0 2 0  0 .36  ± 0 .10  
( L e u  m e q u i v . / m i n  b o u n d  0 .67 + 0 .12  0 .19  + 0 .04  

pe r  g l iver)  free + b o u n d  0 .71  0 .56  

A c i d - p h o s p h a t a s e  free 2 .12  ± 0 .31  3 .88  ± 0 .50  

( U / g  l iver)  b o u n d  3 .38  ± 0 . 4 8  1 .50 + 0 .28  
free + b o u n d  5 .50  5 .38 

Effects of  addition of  protease inhibitors during homogenization on the activ- 
ities of  aldolase and free lysosomal proteases 

To examine the possibility that the less active form of aldolase is formed not 
in vivo, but by proteolytic modification during homogenization, we added 
protease inhibitors to the medium during homogenization. Homogenates were 
prepared in 0.25 M sucrose, pH 7.0/1 mM PMSF/40 #g/ml E-64/20 #g/ml pep- 
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F r e e  c a t h e p s i n  B ( m U / g  l i ve r )  

Fig .  1. R e c i p r o c a l  r e l a t i on  b e t w e e n  the  ac t iv i t i e s  o f  a ldolase and  c a t h e p s i n  B in  the  c y to so l  f r a c t i o n  f r o m  
the  Hvers of  ra t s  t r e a t e d  w i t h  l e u p e p t i n .  R a t s  w e i g h i n g  1 4 0 - - 1 7 0  g were  i n j ec t ed  s u b c u t a n e o u s l y  1--5-  
t i m e s  w i t h  v a r i o u s  a m o u n t s  o f  l e u p e p t i n .  I n j e c t i o n s  were  g iven  at  8 h in te rva ls .  T h e  a n ima l s  were  k i l led  
4 h a f t e r  the  f inal  i n j e c t i o n  a n d  the  s u p e m a t a n t s ,  o b t a i n e d  f r o m  the i r  l ivers  by  c e n t r i f u g a t i o n  at  
1 0 5 0 0 0  X g for  60  ra in ,  were  used  to  m e a s u r e  the  ac t iv i t i e s  o f  f r u c t o s e - b i s p h o s p h a t e  a ldolase  and  
c a t h e p s l n  B. 
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statin, and activities were measured in the supernatant obtained by centrifuga- 
tion at 105 000 × g  for 60 min. As shown in Table IV, similar increases of  
cathepsin B, L and D, to those shown in Table II and of  lysosomal carboxy- 
peptidase A were observed in leupeptin-treated rats. In the presence of  protease 
inhibitors, the activities of  the two thiol proteases (cathepsin B and cathepsin 
L) and cathepsin D in preparations from leupeptin-treated rats were reduced to 
less than the values of  preparations from control  rats. The activity of  a serine 
protease, lysosomal carboxypeptidase A, was also reduced to 50--60% of that  
wi thout  protease inhibitors, but  no significant inhibition of  acid phosphatase 
was observed. Thus, aldolase activity decreased even under conditions when 
proteases that inactivate aldolase were inhibited. These results indicate that  
formation of  a less active form of aldolase is due to the action of  leupeptin in 
the liver, and is no t  an in vitro artifact. 

Effect  o f  insulin and triamcinolone on decrease o f  aldolase activity and 
increases o f  free activities o f  lysosomal proteases by leupeptin 

Increased fragility of  liver lysosomes has been reported following adminis- 
tration of  glucagon to intact animals [17] or during perfusion of liver in situ 
[18].  Neely et al. [18] demonstrated that this induced change in lysosomes 
was prevented by  the addition of  insulin to the perfusion medium. Glucocorti- 
coid is also known to have a membrane-stabilizing effect  [19,20].  Then, the 
influence of  these hormones on the increase of  the activity of  free lysosomal 
proteases and decrease of  aldolase activity produced by the injection of  leu- 
peptin was tested. Rats were given insulin or triamcinolone with leupeptin 
simultaneously and killed 6 h after injection. As shown in Table V, leupeptin 
caused a several-fold increase of  free cathepsin L activity and a decrease in 
aldolase activity in cytosol  fractions of  liver. Both effects of  leupeptin were 
markedly prevented by  the coinjection of  insulin and slightly by the coinjec- 
tion of  triamcinolone. A single injection of  insulin had no effect  on the levels 
o f  free cathepsin L activity or aldolase activity within 6 h (data not  shown). 
These results confirm a close relationship between the increase of  free activity 

T A B L E  V 

E F F E C T  O F  I N S U L I N  A N D  T R I A M C I N O L O N E  O N  T H E  I N C R E A S E  O F  A L D O L A S E  A C T I V I T Y  A N D  
F R E E  C A T H E P S I N  L A C T I V I T Y  B Y  L E U P E P T I N  

Leupe pt i n  ( 0 . 8  r a g / 1 0 0  g b o d y  w e i g h t )  w a s  in j ec ted  s u b c u t a n e o u s l y  as a n  oi l  e m u l s i o n .  I n s u l i n  ( 1 . 0  u n i t /  
1 0 0  g b o d y  w e i g h t )  w a s  g i v e n  i n t r a p e r i t o n e a l l y  a t  t h e  s a m e  t i m e  as  l e u p e p t i n  a n d  3 h a f t e r  t h e  f i r s t  i n j e c -  
t i o n .  R a t s  a l so  r e c e i v e d  2 m l  o f  1 0 %  g l u c o s e  a t  0 a n d  3 h t o  p r e v e n t  h y p o g l y c e n i c  s h o c k .  T r i a m c i n o l o n e  

(1 m g / 1 0 0  g b o d y  w e i g h t )  w a s  i n j e c t e d  i n t r a p e r i t o n e a l l y  o n c e  a t  t h e  s a m e  t i m e  as  l e u p e p t i n .  A n i m a l s  w e r e  
k i l l e d  6 h after  in jec t ions  and the  c y t o s o l  f r a c t i o n  f r o m  t h e  l i v e r  w a s  used  for  assay o f  t h e  a c t i v i t y  o f  
a l d o l a s e  a n d  c a t h e p s l n  L .  Values  represent  m e a n s  o f  act iv i t ies  for four  to  f i v e  r a t s  ± S . D .  

T r e a t m e n t  A ldo lase  act iv i ty  Free  ca theps in  L a c t i v i t y  
( / ~ m o l / m i n  p e r  g l i v e r )  ( A 3 6 6 / m i n  p e r  g Liver X 1 0  - 3 )  

C o n t r o l  8 . 3 6  ± 0 . 5 0  2 . 4  ± 0 . 2  
L e u p e p t i n  4 . 6 3  ± 0 . 3 5  1 5 . 0  + 2 . 8  
Leupept in  + i n s u l i n  7 . 0 0  • 0 . 3 5  4 . 4  + 1 . 5  
Leupept i n  + t r i a m c i n o l o n e  5 . 2 7  ± 0 . 4 0  8 .6  + 1 .3  
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of  lysosomal proteases and decrease of  aldolase activity, and could also suggest 
that administration of  leupeptin increases the fragility of  liver lysosomes. 

Osmotic fragility of  lysosomes prepared from the livers of  control rats and rats 
treated with protease inhibitors 

The osmotic fragility of  lysosomes prepared from the livers of  control rats 
and rats treated with leupeptin were next  examined. When homogenates  were 
prepared in hypotonic  sucrose solution, acid phosphatase and lysosomal 
carboxypeptidase A activities were released into the soluble fraction (Fig. 2). 
Leupeptin shifted the curve for osmotic fragility to the left; that is, it increased 
the sensitivity of  liver homogenates  to osmotic shock. These results and the 
finding that the cytosolic activity of  all lysosomal markers tested was increased 
by leupeptin administration, suggest that increases in the activities of  free lyso- 
somal enzymes on administration of  leupeptin are due to non-selective release 
of  enzymes from the lysosomes.  

Inactivation of  aldolase by the lysosomal fraction in vitro 
The lysosomal fraction was prepared from the livers of  untreated rats as 

described in Materials and Methods. The preparation was freeze-thawed 3-times 
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~'lg. 2.  E f f e c t  o f  e x t r a c t i o n  w i t h  h y p o t o n i c  sucrose  s o l u t i o n s  on  the  c y t o s o l i c  act iv i t ies  o f  l y s o s o m a l  
c a r b o x y p e p t i d a s e  A and a c i d - p h o s p h a t a s e  f r o m  c o n t r o l  and  l e u p e p t i n - t r e a t e d  rats.  R a t s  w e i g h i n g  1 5 0 - -  
170  g w e r e  i n j e c t e d  s u b c u t a n e o u s l y  w i t h  an oil  e m u l s i o n  0.8 m g / 1 0 0  g b o d y  w e i g h t  o f  l e u p e p t i n  or  off. 
T h e y  w e r e  k i l led  6 h after  the  i n j e c t i o n  and  3 g l iver f r o m  c o n t r o l  or l e u p e p t i n - t r e a t e d  rats w e r e  h o m o -  
g e n i z e d  in 4 vol.  w a t e r / 1  m M  E D T A ,  pH 7~ or  sucrose  s o l u t i o n s  o f  the  c o n c e n t r a t i o n s  i n d i c a t e d ,  also c o n -  
ta in ing  E D T A  and  adjus ted  to  p H  7.0.  T h e  h o m o g e n a t e s  w e r e  c e n t r i f u g e d  at 105 0 0 0  × g fo r  60  rain and 
the  supernatant s  w e r e  u s e d  to  m e a s u r e  the  act iv i t ies  o f  l y s o s o m a l  c a r b o x y p e p t i d a s e  A and  acid p h o s -  
phatase .  (o o),  c o n t r o l  rats; (¢ . . . . . .  e ) ,  l e u p e p t i n - t r e a t e d  rats.  
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Fig.  3 .  E f f e c t  o f  re leased l y s o s o m a l  e n z y m e ( s )  on  native  aidolase.  Nat ive  f ruc tose -b i sphosphate  aldolase  
was  i n c u b a t e d  at  2 5 ° C  and p H  6 . 0  w i t h  the  l y s o s o m a l  fract ion  (2  m g / m l )  prepared by  repea ted  f reeze -  
thawing .  A t  the  t i m e s  ind ica ted ,  the  aldolase  was  puri f ied f r o m  the  reac t ion  m i x t u r e  by  c h r o m a t o g r a p h y  
on  p h o s p h o c e l l u l o s e  and its  subuni t  c o m p o s i t i o n  was  e x a m i n e d .  1 0  Dg e n z y m e  w e r e  appl ied  to  an SDS-  
p o l y a c r y l a m i d e  gel.  T he  inset  s h o w s  the  e l e c t r o p h o r e t i c  pat terns  o b t a i n e d  at the  t imes  ind icated .  

and centrifuged at 11 000 × g for 20 min and the resulting supernatant was 
used for the fol lowing experiment. Purified aldolase was incubated at 25°C and 
pH 6.0 with the lysosomal preparation and at the times indicated in Fig. 3 
samples were taken for assay of  aldolase activity and for purification of  
aldolase, by chromatography on phosphocellulose.  As seen in Fig. 3, despite 
progressive decrease of  aldolase activity, no changes in the apparent molecular 
weight of  subunits were detectable by SDS-polyacrylamide gel electrophoresis. 
Inactivation of  aldolase by the lysosomes was less than 70%, and complete 
inactivation did not  occur even on addition of  a large amount  of  the lysosomal 
preparation. These observations indicate that the lysosomal preparation causes 
changes in the properties of  aldolase similar to those observed on administra- 
tion of  leupeptin in vivo. 

Discussion 

The present results clearly show that on administration of  the thiol protease 
inhibitor leupeptin, rat liver aldolase undergoes significant changes in catalytic 
and molecular properties, accompanied by functional changes in the lysosomes.  
There are many reports' on the effects of  leupeptin on the rates of  synthesis and 
degradation of  liver proteins [21- -23] .  When it is administered in vivo [1] or 
added to the culture medium of  isolated liver cells [22 ,23] ,  it has no effect on 
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the synthetic rate of  hepatic proteins or on that of a selected enzyme, but  
significantly retards the degradation rate of  liver enzymes or total proteins in 
liver cells. Injection of  leupeptin into rats [1] actually inhibits the activities of  
cathepsin B and cathepsin L in the lysosomal fraction of  the liver cells. How- 
ever, there is a report  of  an unexpected effect  of leupeptin: Tanaka et al. [24] 
demonstrated that  addition of  leupeptin and antipain to adult  rat hepatocytes  
in primary culture caused induction of  the acid protease, hemoglobin hydrolase. 
We found that injection of  leupeptin caused an increase in the total activity of  
hemoglobin hydrolase (data not  shown), but  that it did not  effect E-64-sensi- 
rive hemoglobin hydrolase, which is named cathepsin D in this paper (Table III). 
The effect of  leupeptin in vivo shown in the present experiments, indicates that 
caution is required in the use of  leupeptin in vivo. 

The possibility that  proteolytic modifications of  native enzymes may occur 
after tissue homogenization, not  in vivo, should be considered when studying 
enzymes in general. Petell and Libherz [25] studied the production of  defec- 
tive liver aldolase in aged mice, finding that the defective molecules are pro- 
duced during storage of  samples from liver of  old rats rather than being pro- 
duced in the liver of  these rats in vivo. They also showed that inactivation 
of  aldolase could be completely prevented by addition of  PMSF and leupeptin 
during homogenization to inhibit proteolysis. However, we were not  able to 
prevent inactivation of  aldolase in the liver of  leupeptin-treated rats by inclu- 
sion of  PMSF and leupeptin during enzyme isolation (Table IV). Thus, we con- 
clude that the inactive, or less active, form of  aldolase observed in extracts of  
leupeptin-treated rat liver is produced by postsynthetic modification occurring 
in vivo. 

The two types of  aldolase molecules isolated from the livers of  control and 
leupeptin-treated rats, respectively, were not  distinguishable on the basis of  
their electrophoretic mobilities, molecular weights, or behavior on affinity 
chromatography,  suggesting that specific limited proteolytic modification of  
aldolase occurs on administration of  leupeptin. Properties of  the less active 
form of  aldolase are now being investigated in detail. Our preliminary experi- 
ments indicated that  a decrease of  aldolase activity in the liver of  leupeptin- 
treated rats is attributable to hydrolysis of  a peptide linkage(s) near the COOH- 
terminal of  the polypeptide chain [26].  Aldolase has been shown to be 
inactivated preferentially by  cathepsin B [27] and cathepsin L [28].  Nakai et 
al. [29] reported that  t reatment of  pure rabbit muscle aldolase with cathepsin 
B resulted in inactivation of  the enzyme activity with concomitant  release of  a 
dipeptide from the COOH-terminal of  the molecule. But, no detectable change 
in subunit molecular weight could be detected after this treatment.  In this 
work we observed increases in the cytosolic activity of  cathepsin B and 
cathepsin L (Table III) on administration of  leupeptin. In vitro experiments 
with the lysosomal extract,  shown in Fig. 3, also support  the idea that  lysoso- 
mal proteases are involved in the modification of  liver aldolase. The accom- 
panying paper shows that lysosomal carboxypeptidase A and cathepsin B are 
involved in inactivation of  aldolase in lysosomes. 

Injection of  leupeptin produced increases in osmotic fragility of  lysosomes 
(Fig. 2), which could be due to an increase in lysosomal size [30] or due to the 
formation of  autophagic vacuoles [31].  Leupeptin was recently found to cause 
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an increase in lysosomal size (Goldberg, A.L., personal communication). 
Gluconeogenic stimuli such as starvation, diabetes and administration of 

glucocorticoid induce both the formation of autophagic vacuoles and the 
release of specific lysosomal proteases [32,33],  and then result in proteolytic 
modification of fructose bisphosphatase [32] and in the decrease of aldolase 
activity [34].  Insulin antagonized the release of lysosomal protease(s) into the 
cytosol effected by either gluconeogenic stimuli [32] or by the injection of leu- 
peptin (Table IV); 
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