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Summary 

Three alkaline proteinases designated I, II and HI were found in the pyloric 
caeca of  sardine and isolated by  (NH4)2SO4 fractionation, DEAE-cellulose 
chromatography and gel filtration on Sephadex G-100. The final preparations 
were judged homogeneous by multiple criteria. The molecular weights of  the 
enzymes I, II and III were determined by  the sedimentation equilibrium 
method  to be 22 900, 28 700 and 27 000, respectively. The isoelectric points 
were 5.45, 5.30 and 4.85, and the sedimentation coefficients 0 (s20.w) were 2.91, 
3.06 and 2.94, respectively. Enzymes II and III had similar amino acid com- 
positions which were different from that of  enzyme I, especially in the con- 
tent  of  lysine, valine and tyrosine. All the enzymes belonged to a group of  
serine proteases. Enzymes II and III were found to be an anionic a ~ h y m o -  
trypsin-like enzyme and an anionic trypsin-like enzyme, respectively. Although 
these fish enzymes had properties in common with those of  bovine pancreatic 
cationic trypsin and chymotrypsin ,  they are distinctly different in their opti- 
mum pH, pH stability, net charge and immunological properties. 

Int roduct ion 

Sea-foods are a major source of  dietary protein in many countries. However, 
the rapid deterioration of  fish, even under refrigeration, hampers its use for 

Abbreviations: TPCK~ Nop-toluenesulfonyl-L-phenylalanlne chloromethyl  ketone;  TLCK, N-p-toluene- 
sulfonyl-L-lysine chloromethyl  ketone.  
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human nutrition. Since ancient times fermentation has been used to preserve 
sea-foods, especially in the orient [1,2]. Fish sauce is prepared by proteolysis 
of  fish. NaC1 is added to check bacterial spoilage and proteolytic enzymes are 
provided by halophilic bacteria or by the fish [1]. Fish proteinases have not 
been extensively studied although trypsin-like proteinases have been detected 
in a few species of fish and shrimps [3--9]. In the present paper we have 
described, the isolation and some of the properties of three alkaline proteinases 
that  are present in the pyloric caeca of the sardine (Sardinops melanosticta). 

Materials and Methods 

Materials. Trypsin (bovine pancreas, twice crystallized) and a-chymotrypsin 
(bovine pancreas, three times crystallized) were obtained from Sigma Chemical 
Co. Diiosopropylfluorophosphate was obtained from Wako Pure Chemical 
Industries, Ltd. N-p-Toluenesulfonyl-L-phenylalanine chloromethyl ketone 
(TPCK) and N-p-toluenesulfonyl-L-lysine chloromethyl ketone (TLCK) were 
obtained from Nakarai Chemicals, Ltd. Soybean trypsin inhibitor (five times 
crystallized) was obtained from General Biochemicals Inc. 

Sardine. Sardines were caught near Choshi on the Pacific coast of Japan in 
March, 1977. In all, about 2 h elapsed from the time the fish were caught until 
they were completely frozen at --20°C. They were held in frozen storage for 
3--4 months until their use in our experiments. 

Proteinase activity. Proteinase activity of the enzymes was determined 
according to the modification of  Anson's method [10] as follows: 0.6% milk 
casein (Merck Co.) was dissolved in 0.1 M bicarbonate buffer, pH 10.0 and used 
as a substrate. 1 ml enzyme solution was added to 5 ml substrate and incubated 
at 37°C for 10 min. After incubation, the reaction was terminated by adding 5 
ml of a reagent containing 0.11 M trichloroacetic acid/0.22 M sodium acetate/ 
0.33 M acetic acid. The resulting precipitate was filtered by Toyo No. 5C filter. 
To 2 ml filtrate were added 5 ml 0.55 M sodium carbonate solution and 1 ml 
of  a 5-fold diluted solution of  phenol reagent (Wako Pure Chemical Ind. Japan). 
The mixture was incubated at 30°C for 20 min and proteinase activity was 
determined by absorbance at 660 nm of the incubation mixture. 1 unit of pro- 
teinase activity was defined as the absorbance equivalent of 1/ag tyrosine pro- 
duced per min under the above experimental condition. Our experiment indi- 
cated the following equation: a unit  of proteinase activity = absorbance at 660 
nm X 124.2 X dilution factor of  enzyme. 10--15 ~ug purified enzyme were used 
for the determination of optimal pH and temperature or of thermal and pH 
stability. 

Protein concentration. Protein concentration was determined spectrophoto- 
metrically according to the method of Lowry et al. [11] using egg albumin as a 
standard. 

Amino acid analysis. The pure enzyme preparations were subjected to amino 
acid analysis in a Hitachi KLA-5 type analyzer after hydrolysis in 6 N HC1 at 
110 ° C for 24, ~48 and 72 h. Amino acid values of  serine, threonine and tyrosine 
were corrected by extrapolating to zero time of  hydrolysis. The values of  valine 
and isoleucine represented an average of 48- and 72-h hydrolysates. The values 
of other amino acids represented the average of three samples. Tryptophan was 
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determined by the method  of  Goodwin and Morton [12].  Cysteine was deter- 
mined as cysteic acid after the HC1 hydrolysis in 0.2 M dimethylsulfoxide 
according to the method  of  Spencer and Wald [13].  

Molecular weight. Sedimentation equilibrium studies were performed with a 
Hitachi model  UCA-1 analytical ultracentrifuge according to the procedure of  
Yphantis [14].  Abou t  a 1% solution of  samples (alkaline proteinases I, II and 
III) dialyzed against 0.01 M phosphate buffer,  pH 6--7/0.1 M NaC1, was used. 
Equilibrium scans were made at 5°C at a rotor  velocity of  12 290 rev./min 
(Hitachi rotor  No. RA-72T). In calculating the average molecular weight, the 
partial specific volume of protein was estimated to be 0.71--0.72 using the 
amino acid composit ion.  The molecular weight was also estimated by  electro- 
phoresis in a 10% polyacrylamide gel (7 cm long) with 0.1% sodium dodecyl  
sulfate (SDS) and 2% mercaptoethanol.  

Sedimentation coefficient. The sedimentation coefficient was determined by  
the method  of  Schachman [15] at 5°C with a Hitachi UCA-I type  ultracentri- 
fuge and was corrected at 20°C in water. 

Immunization. Pure alkaline proteinase III, emulsified with an equal volume 
of Freund's complete  adjuvant, was injected intradermally at multiple sites on 
the back of  rabbits. An initial injection of  1 mg enzyme was followed 2 weeks 
later by a 500 pg booster  injection. Once an ant ibody response was elicited, 
another 500 pg proteinase III were injected intravenously. 

Fish protein substrates. Three fish proteins i.e., sarcoplasmic, myofibril  and 
stroma proteins were fractionated from sardine muscle according to the 
method  of  Connell, and used as fish protein substrate. Sarcoplasmic [16,17] 
and myofibril  proteins [18] were soluble in the 0.02 M phosphate buffer,  pH 
7.5 and in the same buffer containing 0.45 M KC1, respectively. Stroma protein 
which was a residue after the extraction of  the above two proteins was used in 
a suspension for  a substrate. All the muscle proteins were pretreated at 100°C, 
for 5 min, before use. 

Extraction of  alkaline proteinases. All steps of  extraction and purification 
were carried ou t  at 4 ° C, unless otherwise stated. Approx.  500 ml distilled water 
were added to 100 g of  digestive organs including mainly pyloric caeca, ob- 
tained from sardine body  and homogenized in a Waring Blender for 3 min. The 
homogenate  was centrifuged at 9800 × g for 10 min, the supernatant fluid was 
filtered through celite. Proteinase activity in the clear filtrate was collected by 
precipitation with 30--70% saturation of  (NH4)2SO4. The precipitate was col- 
lected by centrifugation, dissolved in a minimum amount  of distilled water and 
dialyzed overnight against distilled water. The dialyzed solution was centri- 
fuged and the precipitate discarded. The supernatant fluid was used as crude 
enzyme solution. 

Results 

Purification. Alkaline proteinases were extracted and concentrated and the 
concentrated solution (crude enzyme solution) was applied to the first DEAE- 
cellulose column (Fig. 1). The three alkaline proteinases were eluted from this 
column and designated alkaline proteinase I, II and III. Each of  alkaline pro- 
teinases was further purified by  the ion-exchange chromatography on the 
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Fig.  1 .  C h r o m a t o g r a p h y  o f  s a rd ine  a lka l ine  p r o t e i n a s e s  o n  t h e  first  D E A E - c e l l u l o s e  c o l u m n .  2 5  m l  o f  the  
crude  e n z y m e  s o l u t i o n  ( 9 6 7  m g  p r o t e i n )  w e r e  prepared  as d e s c r i b e d  in  Materials  a n d  M e t h o d s ,  equili-  
b r a t e d  w i t h  0 .01  M p h o s p h a t e  b u f f e r  ( p H  7 .0 )  and  appl i ed  t o  a D E A E - c e l l u l o s e  c o l u m n  (3 × 1 0 0  cm,  
B r o w n  Co.)  p r ev ious ly  e q u i l i b r a t e d  w i t h  the  s a m e  b u f f e r .  Th i s  c o l u m n  was  w a s h e d  w i t h  t h e  s a m e  buffe~ 
a n d  fur ther  e l u t e d  us ing  a 7 5 0  m l  l inear  grad ient  of  0---0.6 M NaCl  in  the  s a m e  b u f f e r .  E a c h  f r a c t i o n  ot  
a lka l ine  p r o t e i n a s e s  n a n d  III ,  s h o w n  in  p a r e n t h e s e s ,  was  c o n c e n t r a t e d  and  pur i f i ed  o n  the  s e c o n d  D E A E -  
ce l lu lose  c o l u m n  u n d e r  the  s a m e  c o n d i t i o n  as d e s c r i b e d  a b o v e .  

second DEAE-cellulose and/or the gel filtration on Sephadex G-100 (Fig. 2). 
The outline and the results of  the purification of  the alkaline proteinase are 
summarized in Table I. Three alkaline proteinases (I, II and III) were isolated in 
reasonable quantities by the present purification procedures starting with 100 g 
of  digestive organ: 45.2 mg alkaline proteinase I, 14.2 mg proteinase II and 
47.2 mg proteinase III were isolated, at a combined yield of  17%. Enzyme I 
and III were major alkaline proteinases. A 50--120-fold purification was 
achieved. The final products after the first or the second Sephadex G-100 were 
stored at --15°C and used for subsequent characterization studies as reported 
in this paper. 

T A B L E  I 

P U R I F I C A T I O N  O F  S A R D I N E  A L K A L I N E  P R O T E I N A S E S  I, II A N D  III 

P r o c e d u r e  I II III 

Spec .  a c t .  Yie ld  Spec .  a c t .  Yie ld  Spec .  a c t .  Y i e l d  
( u n i t / r a g  (%) ( u n i t / m g  (%) ( u n i t / r a g  (%) 

• p r o t e i n )  P r o t e i n )  p r o t e i n )  

H o m o g e n a t e  0 . 7 7  1 0 0  0 . 7 7  1 0 0  0 . 7 7  1 0 0  
Crude e x t r a c t  2 . 4  6 9 . 5  2 . 4  6 9 . 5  2 . 4  6 9 . 5  
( N H 4 ) 2 S O  4 f r a c t i o n a t i o n  1 1 . 5  2 9 . 9  1 1 . 5  2 9 . 9  1 1 . 5  2 9 . 9  
First  D E A E - c e l l u l o s e  6 . 3  5 . 4 8  6 .1  1 .6  4 4 . 3  1 6 . 3  
S e c o n d  D E A E - c e l l u l o s e  - -  - -  1 1 . 9  1 . 5 8  4 5 . 2  1 2 . 8  
First  S e p h a d e x  G - 1 0 0  2 0  5 . 2 9  4 0 . 1  1 . 5 3  8 8 . 5  1 0 . 3  
S e c o n d  S e p h a d e x  G - 1 0 0  4 2  5.1  . . . .  
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Fig .  2 .  Gel  f i l t r a t i on  o f  a lka l ine  p r o t e i n a s e s  I ,  II a n d  III  o n  S e p h a d e x  G - 1 0 0 .  Alka l ine  p r o t e i n a s e ,  I,  II a n d  
III f r a c t i o n s  f r o m  t h e  f i r s t  o r  the s econd  D E A E - c e l l u l o s e  c o l u m n  were  concentrated  to  5 m l  b y  u l t~af i l t ra -  
t i o n  a n d  f u r t h e r  p u r i f i e d  b y  gel f i l t r a t i o n  o n  a S e p h a d e x  G - 1 0 0  c o l u m n  (2 X 1 0 0  c m )  us ing  0 . 0 1  M phos-  
phate  b u f f e r  ( p H  7 .0 ) .  S a m p l e  f o r  I: a lka l ine  p r o t e i n a s e  I f r o m  the  f i r s t  f i l t r a t i o n .  S a m p l e s  f o r  II a n d  III:  
a lka l ine  p r o t e i n a s e s  II a n d  III f r o m  the s econd  D E A E - c e n u l o s e .  

Evidence for purity o f  alkaline proteinases I, II, and III. When the purified 
proteinases were examined by polyacrylamide disc-gel electrophoresis, at pH 
9.5, each gave rise to one discrete band after the staining for protein (Fig. 3). 
Likewise, electrophoresis of each preparation on SDS-polyacrylamide gel elec- 
trophoresis yielded a single protein band (see below). Isoelectric focussing also 
yielded a single protein band from each proteinase and this band coincided 
with proteinase activity. Isoelectric points of proteinases I, II and III are 5.45, 
5.30 and 4.85, respectively. Each proteinase gave rise to a single symmetrical 
sedimentation peak (Fig. 4) from which sedimentation coefficients (s°0,w) were 
found to be 2.91, 3.06 and 2.94 for enzymes I, II and III, respectively. 

Molecular weight. The molecular weights determined by the sedimentation 
equilibrium method were calculated to be 22 900, 28 700 and 27 000 for 
alkaline proteinases I, II and III, respectively. Electrophoresis in SDS-poly- 
acrylamide gel columns in the presence of mercaptoethanol produced a single 
band at a position corresponding to the molecular weights of 23 300, 26 000 
and 27 600 for proteinases I, II and III, respectively. In the estimation of the 
molecular weights good agreement was obtained between the sedimentation 
equilibrium and SDS-polyacrylamide gel electrophoresis methods. 

Amino acid composition. The amino acid compositions of proteinases I, II 
and III (Table II) show similarities, but  they differ mainly in terms of lysine, 
aspartic acid, cysteine, valine and tyrosine. The relative proportions of acidic, 
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Fig ,  3 .  Polyacrylamide  gel e lectrophoresis  of  alkaline prote inases  I, II and III ( t o p  f igure) .  The  e lectropho-  
resis was per formed at pH 9 .5 ,  4 m A  per tube,  5°C f o r  3 0  min in 0 .5  X 7 cm co lumns  of  7.5% polyacryl-  
amide gel according to  Davis [ 1 9 ] .  I, II and III represent  purified alkaline proteinases  I, II and III,  respec- 
t ively.  Protein bands were stained b y  Coomaas i e  brilliant blue R-250  so lut ion .  

I ]I m 
Fig .  4 .  Sedimentat ion  patterns o f  alkaline proteinasas  I, II and III ( b o t t o m  figure). The  purif ied e n z y m e s  
were dissolved in 0 . 0 1  M p h o s p h a t e  b u f f e r  ( p H  6 - - 7 ) / 0 . 1  M NaCI t o  give the  c o n c e n t r a t i o n  o f  1 . 3 5 %  fo r  
I, 0 . 8 8 %  f o r  II and 1% f o r  III .  T h e  p h o t o g r a p h s  were  taken  100  rain after at ta inment  of  ful l  s p e e d  ( 5 5  4 3 0  
r e v . / m i n ,  H i t a c h i  r o t o r  N o .  R A - 7 2 T ) .  T e m p e r a t u r e :  5 ° C ,  bar angle: 7 0  ° . 

Fig. 5.  Doub le  d i f fus ion precipit in react ion of  alkaline proteinases  I, II and III against antisera o f  alkaline 
proteinase  III ( top right figure). Anti-alkal ine proteinase  III plasma was placed in the central wel l .  Pure 
alkaline proteinases  I, II and I l l  (~g quantit ies)  were placed in wells  I, II and III,  respect ively .  The  d i f f u  
s ion was a l lowed  to take place for 24 h at 30°C.  
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TABLE II 

AMINO ACID COMPOSITION OF SARDINE ALKALINE PROTEINASES I, II AND n I  

A m i n o  acid c o m p o s i t i o n  o f  alkaline prote inases  and various o ther  prote inases .  The  c o m p o s i t i o n s  were 
expressed as a m i n o  acid res idues /mol ,  based o n  a molecular  weight  o f  alkaline prote inase  I (22 900), II 
(28 700) and III (27 000). The values in parentheses  are the nearest  integer.  

A m i n o  acid Sardine Alkal ine  Proteinase Trypsin  ~ - C h y m o  
trypsin 

I II I n  

Lysine  10.2(10) 18.6(19) 17.4(17) 14 14 
Histidine 3 . 2 ( 3 )  2 . 8 ( 3 )  3 . 2 ( 3 )  3 2 
A~ginine 5 . 6 ( 6 )  6 ( 6 )  6 ( 6 )  2 3 
Aspartic acid 19.1(19) 23 (23) 30.6(31) 22 20 
Threoninc 17.5(18) 17.1(17) 18.6(19) 10 22 
Setine 12.9(13) 16.2(16) 16.9(17) 34 27 
Glutamic  acid 20.4(20) 18.6(19) 16.4(18) 14 15 
Proline 9.9(10) 13 (13) 9.5(10) 8 8 
Gly cine 21.1(21) 29.7(30) 27.4(27) 25 23 
Alanine  14 (14) 15 (15) 14.8(15) 14 22 
Half cyst ine  6 . 9 ( 7 )  12,6(13) 7 . 8 ( 8 )  12 10 
Methionine  0 , 7 ( 1 )  0 . 9 ( 1 )  0 . 8 ( 1 )  2 2 
Valine 12.2(12) 21 .I(21) 17.9(18) 15 22 
Leucine 12.8(13) 10.1(10) 9.5(10) 13 18 
Isoleucine 9.7(10) 7 . 7 ( 8 )  10.7(11) 13 10 
Tyros ine  6 . 9 ( 7 )  14 (14) 13 (13) I0  4 
Phenylalanine  4 , 1 ( 4 )  3 . 5 ( 4 )  4 . 3 ( 4 )  3 6 
T r y p t o p h a n  4 . 3 ( 4 )  4 . 9 ( 5 )  4 . 4 ( 4 )  3 6 

basic and neutral residues in the three proteinases are similar to those in bovine 
trypsin and ~ ~chymotrypsin. 

Immunological properties. Double diffusion of  rabbit anti-alkaline proteinase 
III and each of  alkaline proteinases I, II and III on an Ouchterlony plate pro- 
duced a single precipitin band (Fig. 5), whereas the antibodies did not cross: 
react with bovine pancreatic trypsin, ~-chymotrypsin and antarctic kriU 
trypsin-like enzyme (Murakami, K. and Kimoto, K., unpublished data). 

Proteinase activity. The pH optimum for alkaline proteinases I, II and III is 
10--11 for proteolysis of  casein and hemoglobin, but around 9.5 for proteolysis 
of  sarcoplasmic protein of sardine muscle. 

The optimal temperature of  three alkaline proteinases for the maximum rate 
of  hydrolysis toward milk casein was 45 ° C. 

Although each alkaline proteinase could hydrolyze protamine, fibrinogen, 
fibrin and collagen at different rates, milk casein and hemoglobin were the best 
substrates. Sardine muscle proteins i.e., sarcoplasmic, myofibril and stroma pro- 
teins were also good substrates for sardine enzymes, especially for enzyme III. 

Synthetic substrates. The results of  hydrolysis of  synthetic substrates by the 
three proteinases were shown in Table III. Enzyme III, like trypsin, could 
hydrolyze benzoyl-arginine ethyl ester, tosyl-arginine methyl ester and benzoyl- 
arginine amide but could not hydrolyze N-acetyl-tyrosine ethyl ester. On the 
other hand, enzyme II, like ~-chymotrypsin, could hydrolyze N-acetyl-tyrosine 
ethyl ester but could not hydrolyze any other synthetic substrates. Enzyme I 
could scarcely hydrolyze any synthetic substrates' except that it hydrolyzed 
benzoyl-arginine amide slowly. 
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T A B L E  III 

H Y D R O L Y S I S  O F  S Y N T H E T I C  S U B S T R A T E S  BY S A R D I N E  A L K A L I N E  P R O T E I N A S E S  I, II A N D  
III 

E s t e r o l y t i c  ac t iv i t ies  w e r e  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  a c c o r d i n g  t o  H u m m e l ' s  m o d i f i c a t i o n  [ 2 0 ]  o f  
t he  m e t h o d  o f  S c h w e r t  a n d  T a k e n a k a  [ 2 1 ]  as fo l l ows .  3 5  # g  o f  e a c h  o f  the  p u r i f i e d  e n z y m e s  w e r e  i n c u -  
b a t e d  w i t h  1 ml  0 .1  M b o r a t e  b u f f e r  ( p H  8 . 0 ) / 0 . 9 4  m M  s u b s t r a t e  f o r  several  r a in  a t  2 0 ° C .  E s t e r o l y t i c  
ac t iv i t ies  we re  e x p r e s s e d  as a b s o r b a n c e / m i n  p e r  m g  e n z y m e .  A m i d a s e  ac t i v i t y  w a s  d e t e r m i n e d  as fo l lows .  
8 0  #g  o f  e a c h  e n z y m e  were  i n c u b a t e d  w i t h  1 m l  0 .1  M p h o s p h a t e  b u f f e r  ( p H  7 . 0 ) / 1  m M  b e n z o y l - a r g i n i n e  
a m i d e  fo r  30  m i n ,  a t  3 0 ° C .  A f t e r  i n c u b a t i o n ,  t he  r e a c t i o n  was  s t o p p e d  b y  a d d i t i o n  o f  u l n h y d r i n  r e a g e n t s  
[ 2 2 ]  a n d  a b s o r b a n c e s  a t  5 7 0  n m  was  m e a s u r e d .  A m i d a s e  ac t i v i t y  w a s  e x p r e s s e d  as  a b s o r b a n c e  a t  5 7 0  r im/  
r a in  pe r  m g  ~ n z y m e .  

Synthetic s u b s t r a t e s  Alka l ine  p r o t e i n a s e  

I II  I I I  

N - A c e t y l - L - t y r o s i n e  e t h y l  e s t e r  0 0 . 3 2  0 
T o s y l - L - a r g i n i n e  m e t h y l  e s t e r  0 0 2 .1  
N - B e n z o y l - L - a r g i n i n e  e t h y l  e s te r  0 0 0 .5  
B e n z o y l - a r g i n i n e  a m i d e  0 . 0 4  0 0 . 1 2  

T A B L E  IV 

P R O P E R T I E S  O F  S A R D I N E  A L K A L I N E  P R O T E I N A S E S  I,  II A N D  III 

1:  M o l e c u l a r  w e i g h t  b y  s e d i m e n t a t i o n  e q u i l i b r i u m  m e t h o d .  2:  M o l e c u l a r  w e i g h t  b y  S D S - p o l y a c r y l a m i d e  
gel e l e c t r o p h o r e s i s .  

I II  I I I  

Spec i f i c  ac t i v i t y  f o r  case in  ( u n i t / m g  p r o t e i n )  4 2  4 0 . 1  8 8 . 5  
O p t i m u m  p H  1 0  10  10  
O p t i m u m  t e m p e r a t u r e  4 5  ° C 4 5 ° C  4 5  ° C 
p H  s t ab i l i t y  6 ~ 9  6 ~ 9  7 ~ 9  
T h e r m a l  s t ab i l i t y  6 5 %  4 2 %  3 2 %  
S e d i m e n t a t i o n  c o e f f i c i e n t  (s~0 w)  2 .91  3 .06  2 . 9 4  
I soe lec t r i c  p o i n t  5 . 4 5  5 .30  4 . 8 5  
M o l e c u l a r  w e i g h t  (1)  22  9 0 0  2 8  7 0 0  27  0 0 0  
M o l e c u l a r  w e i g h t  (2)  2 3  3 0 0  2 6  0 0 0  27  6 0 0  

T A B L E  V 

E F F E C T  O F  V A R I O U S  R E A G E N T S  O N  S A R D I N E  A L K A L I N E  P R O T E I N A S E S  I, II A N D  III 

E a c h  o f  t h e  p u r i f i e d  e n z y m e s  was  p r e i n c u b a t e d  w i t h  e a c h  r e a g e n t  in  0 . 0 1  M p h o s p h a t e  b u f f e r ,  p H  7 .0 ,  a t  
3 0 ° C  f o r  2 0  r a in  a n d  a s s a y e d .  E n z y m e  ac t iv i t i es  are  e x p r e s s e d  as p e r c e n t a g e s  o f  t he  ac t i v i t y  in  t he  a b s e n c e  
o f  r e a g e n t s .  

R e a g e n t s  C o n c n .  A c t i v i t y  (%) 
(M) 

I II  I I I  

N o n e  1 0 0  1 0 0  1 0 0  
p - C h l o r o m e r e u n b e n z o a t e  1 0  -4  1 0 0  1 0 8  1 0 0  
o - P h e n a n t h r o l i n e  1 0  -3  9 8  1 0 7  1 0 0  
E t h y l e n d i a m i n e t  e t r a ace  t a t e  1 0  -4  8 5  1 0 0  101  
M e r c a p t o e t h a n o l  1 0  -3  1 0 0  1 0 0  9 8  
L - C y s t  eine -hy d r  o c h l o r i d e  1 0  -3 I 0 0  I 0 0  I 0 0  
D i i s o p r o p y l f i u o r o p h o s p h a t e  1 0 - 3  3 5  0 0 
T r y p s i n  i n h i b i t o r  0 . 2 5 m g / m l  1 0 0  35  0 
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T A B L E  VI  

E F F E C T  OF T L C K  AND TPCK ON T H E  P R O T E O L Y T I C  A C T I V I T Y  OF S A R D I N E  A L K A L I N E  

P R O T E I N A S E S  I ,  II  A N D  III 

1.0 • 10  -6 M of each of  the pur i f ied  e n z y m e  and the  150  m o l a r  excess of  each  inhibi tor  in 0.1 M phos -  
phate  buf f er ,  p H  7.0 (wi th  10 -3 M CaC12 in the  case o f  trypsin  and ~ - c h y m o t r y p s i n ) ,  w e r e  m i x e d  and  

i n c u b a t e d  for 60 rain a t  30°C.  T h e n ,  act ivi t ies  were  assayed.  

E n z y m e  Relat ive  act iv i ty  (%) 

N o n e  T L C K  T P C K  

Tryps in  100  8 102 
a - C h y m o t r y p s i n  100 102 34 

I 100 96 68 
II 100 100 45 
I n  100 12 98 

Stability. No loss of  proteinase activity of  the three enzymes was noted 
when stored at --15°C for 1 month  after freeze-drying of the purified enzyme 
solution at pH 7.0. Almost no loss of  activity of  the three enzymes was ob- 
served at pH 6--9, when they were incubated at 37°C for 2 h. Thermal stability 
was tested after the three enzymes were preincubated for 5 min in 0.5 ml 0.1 M 
phosphate buffer  (pH 7.0) at 20--55°C. The remaining activities after the prein- 
cubation at 55°C were 65%, 42% and 32% for enzymes I, II and III, respec- 
tively. 

Molecular and enzymatic properties of  the three enzymes are summarized in 
Table IV. 

Inhibitors. Alkaline proteinases I, II and III were neither inhibited nor 
activated by metal chelating agents and sulfhydryl reagents. They were inhibited 
strongly by diisopropylfluorophosphate.  Soybean trypsin inhibitor did not  
inhibit enzyme I bu t  did inhibit enzymes II and III. These results (Table V) 
indicate that  enzymes I, II and III belong to a group of  serine proteinases 
although they have different molecular properties. Active site-oriented inhibi- 
tots for trypsin or ~ h y m o t r y p s i n  were used to elucidate the difference among 
these enzymes more clearly (Table VI). Enzyme III, like mammalian trypsin, 
was inhibited strongly by TLCK but  not  by TPCK. In contrast,  enzymes I and 
II, like ~-chymotrypsin,  were inhibited by  TPCK but  not  by TLCK. 

Discussion 

The three alkaline proteinases resemble each other  in such properties as pH 
stability, molecular weight and sedimentation constants, opt imum pH and 
temperature and immunological reactions. These enzymes can be classified as 
serine proteinases with essential histidine residues. Enzyme III, the major 
alkaline proteinase of  the pyloric caeca, is a trypsin-like proteinase since it is 
inhibited by soybean trypsin inhibitor and by TLCK. In addition, it hydrolyzes 
the synthetic trypsin substrates. Enzymes I and II are sensitive to TPCK but  only 
the latter catalyses the hydrolysis of  the chymotrypsin  substrate, acetyl-tyro- 
sine ethyl ester. Thus, while enzyme II can be considered as a chymotrypsin-  
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like enzyme, enzyme I seems to be of  the unique type which can hydrolyze 
trypsin substrate, benzoyl-arginine amide, but  is not  inactivated by a trypsin- 
specific inhibitor, TLCK. However, these three enzymes seem to have a com- 
mon precursor judging from their immunological similarity. 

The three alkaline proteinases show an opt imum pH of about  10 which is 
well above the optima for mammalian trypsin [3] and for trypsin-like protein- 
ases from some lower organisms, including some fish [8,23].  Other properties 
of  these enzymes from sardine are acidic isoelectric points and instability at low 
pH values. In these respects they resemble trypsin-like enzymes from lower 
organisms (e.g., starfish [24],  crayfish [25] and shrimps [ 2 6 ] ) b u t  are distinct 
from mammalian pancreatic trypsin and a-chymotrypsin [3] which have basic 
isoelectric points and are stable at pH 3. 
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