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ISOLATION OF THE ZYMOGEN GRANULES OF DOG PANCREAS 

AND A STUDY OF T H E I R  PROPERTIES* 
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The presence of zymogen granules in the acinar cells of the pancreas, as well as 
in the cells of other digestive glands, has been known since the classical histological 
studies of HEIDENFIAIN 1, ~, LANGLEY 3,4 and KUHNE AND LEA 5. These granules have 
been observed in fixed tissues as well as in living unstained cells. They are the storage 
sites for the digestive enzymes, disappearing during enzyme secretion and reaccumu- 
lating as new enzyme is formed. 

In the present investigation pure preparations of zymogen granules have been 
isolated from dog pancreas by differential centrifugation, and their chemical and 
enzymic properties have been studied. The zymogen granules sediment as a white 
layer at IOOO × g in 0.25 M sucrose. They are rich in amylase, lipase and protease- -  
the three chief enzymic activities of pancreatic secretion. They contain only traces 
of ribonucleic acid and phospholipid. They retain their morphological structure for 
long periods when stored in isotonic sucrose at o ° C at a pH between 5.o and 6.0, 
but if the pH is raised to 7.2 or above they completely dissolve within a few seconds. 

EXPERIMENTAL 

Preparation of pancreas homogenates 
Pancreases were obtained from dogs which had been fasted for 24 hours. These animals  

were used in connection with other experinlents and had been anaesthetized wi th  pen tobarb i t a l  
or ether before sacrificing. The pancreas was removed immediately after killing (usually by  
exsanguination) and was either fractionated wi thout  delay or was stored in isotonic saline at  
o ° C for 24 to 48 hours.  The tissue was minced and then homogenized with four volumes of 0.25 M 
sucrose in a POTTER-ELVEHJEM e all-glass homogenizer. The various cell fractions were isolated 
by  differential centrifugation as indicated below. All operations were carried at o ° C. 

Enzyme assays 
The homogenates  or cell fractions were stored as suspensions in 0.25 M sucrose at  o °C  and 

diluted wi th  water  jus t  before assay. KHESIN ~ reported tha t  full activity of amylase is not  obtained 
in the isolated part iculate mat te r  from homogenates  of pigeon pancreas unless the suspensions  
of part iculate material  are shaken wi th  isobutanol. This could not  be confirmed for fractions 
from dog pancreas;  in fact, shaking with isobutanol produced a 25 % decrease in amylase activity. 
In  view of the fact t ha t  the zymogen granules of dog pancreas  completely dissolve at  the p H  
of the assay medium (see below), there is obviously no need to ex t r ac t  the enzymes f rom the 
granules. 

Amylase was assayed by a modified method s of SMITH AND ROE9; the units  are those of 
SMITH AND ROE. Lipase was assayed by  a modification TM of the method of RONA AND LASNITZKyll; 

* This work was aided by  a personal grant  from the Blanche Hutch i son  Fund  of McGill 
Universi ty and by  a research grant  awarded to Dr. K. I. MELVILLE, D e p a r t m e n t  of Pharmacology,  
McGill University,  f rom the Eli Lilly company.  
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t h e  u n i t s  w e r e  d e l i n e d  in a prex-i~ms t)al)erl 'L ] les t  r e s u l t s  we re  ~ b l a i u e d  \~ith t h i s  cnz \ 'u lw il *he 
a s s a y s  we re  p e r f o r m e d  t h e  d a y  of  h o m o g e n i z a t i o n  of t h e  t i s sue ,  a n d  ~mh' s u c h  r e s u l t s  a r e  i l / c l u d e d  
P r ~ t e a s e  w a s  a s s a y e d  b y  a m~Mii iea t ion  of  t h e  m e t h o d  ~,i I%UNII'Z 12 ~l> I,~llox~s: Xppr~pr i :~ tc  
a l i q u o t s  of  t h e  s u s p e n s i o n s  of z y l n o g e l l  gr~lllllles o f  ]lOllll)Reil~ttes w e r e  t/utdt' tt], Ill 5 ~* i111 w i l h  
o . o o 2 5  31 HC1. T w o  s u c h  s a m p l e s  w e r e  p r e p a r e d .  "I-o o n e  w a s  a d d e d  3 .o  F g  ~1 c r v s t a l l i m :  t r y p s i n  
( w i t h  a n  e q u a l  w e i g h t  of  MgSO4)  in o . -  ml  ~,f o . o o 2 5 : 1 1  t tCI.  T h e  c r v s t a l l i l w  l r y p s i n  w;ts o b l a i n c d  
f r o m  N u t r i t i o n a l  B i o c h e m i c a l s  C o r p . .  C l e v e l a n d ,  O l d . ,  I . ,q..\.  T h e  d i l u t e d  e n z y m e  s u s p c n s i o l , s  
w e r e  a l l o w e d  to  s t a n d  a t  4 C u n t i l  full p r o t c ( ) l y t i c  a c t i v i t y  w a s  r c a c h e  I. T h i s  usu:lll  3 r ( ' q u i r e d  
les :  t h a n  24 h o u r s .  T h e  c r y s t a l l i n e  t r y p s i n  w a s  a d d e d  t~) a c t i v a t e  t h e  t r  3 p sm~Xen  a m t  , ' h v m , ,  
t r y p s i n o g e n ,  b u t  i t  w a s  f o u n d  t h a t  w i t h o u t  a d d i t i o n  of  c r y s t a l l i n e  t r y p s i n  full 1)~ o te \Ayl i~  m ' t i \  il \ 
w a s  r e a c h e d  just as  r a p i d l y .  T h e  s u b s t r a t e  c o n s i s t e d  of  a t " ,  s~Aution of " h i g h \ s t :  p u r i t y "  , aseil~ 
(Spec ia l  C h e m i c a l s  C o m p a n y ,  t I i g h l a n d  I ' a r k ,  II1., l ; . ,q . . \ . )  in o . f  .1I p l . ) s p h ~ t e  buf fe r ,  p t l  7.¢~. 
T e s t  t u b e s  c o n t a i n i n g  i .o  mt  s a m p l e s  of  s u b s t r a t e  s o l u t i o n  we re  p l a c e d  in ;i xxator b a t h  ;it 37 ( '  
a n d  a t  I m i n u t e  i n t e r v a l s  t .o  ml of d i l u t e d  CllZVlllC wits a d d e d  to  a p p r o l ) r i a t c  t u b e s .  Im:uba t i~m 
w a s  for  1.5 m i n u t e s  a t  3 7  C. T h e  r e a c t i ( m  w a s  s t o p p e d  b 3 a d d i t i o n  ~)f 3 .o  ml (~1 t r i c h h ) r a t e t i ¢  m i d  
a t  J r a in  i n t e r v a l s . . \ f t e r  s t a n d i n g  for  t h o u r  t h e  m i x t u r e  w a s  c e n t r i l u g e d ,  a n d  the  (q~tical dens i tx  
(ff t h e  s u p e r n a t a n t  w a s  r e a d  a t  a w a v e l e n g t h  ~f _,8o m p  in ~1 l '~ec/¢man IM~Mel I)1 ~ .qpcctrtq)l l t~to- 
m e t e r .  T h e  r e a d i n g s  w e r e  c o r r e c t e d  for  b l a n k s  w h i c h  w e r e  p r e p a r e d  l)v a d d i n c  t 3.o ml ~1 5 " .  
t r i c h l o r a c e t i c  a c i d  to  i .o  ml of  s u b s t r a t e ,  f o l l owed  b y  a d d i t i o n  ¢ff 1.o mt ~1 c n z x m e .  V a r i t m s  
d i l u t i o n s  of c r y s t a l l i n e  t r y p s i n  w e r e  a s s a y e d  a l i a  froli1 t h e  d a t a  a s t a n d a r d  \ i l l \  t, \v;is c ( m s t r u c t e d .  
T h e  u n i t s  of  p r o t e a s e  a c t i v i t y  a r e  e x p r e s s e d  as  ]~g o f  " t r y p s i n  e q u i v a l e n t s " .  

All e n z y m e  a s s a y s  w e r e  p e r f o r m e d  in d u p l i c a t e .  

Chemical a~mlysis 
l :o r  d e t e r m i n a t i o n  of r i b o n u c l e i c  ae id  a n d  p h o s p h o l i p i d .  2 o " .  t r i c h h ) r a c e t i c  a c i d  w a s  m h l c d  

to  i s o t o n i c  s u c r o s e  s u s p e n s i o n s  (if t h e  v a r i o u s  f r a c t i o n s  to  g ive  a filial c o n c e n t r a t i o n  ~t  t r i c h h n -  
a c e t i c  a c id  of  5 to  ~o % .  T h e  p r e c i p i t a t e  w a s  c e n t r i f u g e d  a n d  w a s h e d  t w i c e  w i th  5 % t r i c h l o r a c e t i c  
a c i d .  T h e  p h o s p h o l i p i d s  w e r e  e x t r a c t e d  w i t h  t w o  3.o ml  p o r t i o n s  of q5 % e t l m l m l  a t  r o o m  temper:~ 
t u r e a n d w i t h t w o 3 . o m l p o r t i o n s o f 3 : ~  e t h a n o l - e t h e r  a t  a b o u t 0 o  (i. T h e  c o m b i n e d  l i p i d c x t r a c t s  
w e r e  r e d u c e d  in v o l u m e  t o  a b o u t  o. 5 nil  t~y \ v a r m i l l g  ill a w a t e r  b a t h  a t  55 (" umlel-  a s t r e a m  
of n i t r o g e n .  5 .0  ml  of c h l o r o f o r l i /  w a s  t h e n  a d d e d  a n d  t h e  i n s o l u b l e  m u t t e r  \ \~s  relll(~ved I)v til- 
t r a t i o n .  T w o  a d d i t i o n a l  w a s h i n g s  w i t h  5 .o  ml  of ( h l o r o f o r m  w e r e  a l so  p a s s e d  t h r o u g h  t h e  f i l ter  
p a p e r .  T h e  co i -nb ined  c h l o r o f o r m  e x t r a c t s  w e r e  lll~tde u p  t o  a g i v e n  v()ll.ll/~c; a l i q u o t s  \ \ e r e  d i g e s t e d  
a n d  p h o s p h o r u s  w a s  e s t i m a t e d  I)y a m o d i f i e d  m e t h o d  of  [?ISKI.; AND SUb;14AROXV 13. T h e  p h o s p h o l i p i d  
c o n t e n t  is e x p r e s s e d  as  l eg  p h o s p h o l i p i d - I  ) p e r  m g  N .  In in i t i a l  s t u d i e s  of  t h i s  i n v e s t i g a t i o n ,  
t h e  l ip id  e x t r a c t s  w e r e  t a k e n  t o  d r y n e s s  i~ v a c u o  a n d  r e e x t r a c t e d  w i t h  ch lo r~d 'o rm,  l ' n d e r  t h e s e  
c o n d i t i o n s  t h e r e  w a s  a c o n s i d e r a b l e  loss of p h o s p h o l i p i d .  T h e r e f o r e ,  c a r e  w a s  t a k e n  in s u b s e q u e l ~ t  
e x p e r i m e n t s  to  a v o i d  e v a p o r a t i n g  t h e  in i t i a l  l ip id  e x t r a c t  to  c o m p l e t e  d r y n e s s  

R i b o n u c l e i c  a c i d  w a s  d e t e r m i n e d  o n  t h e  l i p i d - f r e e  r e s i d u e s  acco r~ l ing  t~, t h e  m e t h o d  ~1 
~CHNEII)tr.R 14. P u r i n e  b o u n d  rib¢~se w a s  e s t i m a t e d  1)y t h e  m e t h o d  of .'~[l.;jl~ \I.;M 15. ()1/ t h e  [ lasis  tll 
t h e  p u r i n e  c o n t e n t  of  r i b o n u c l e i c  a c i d  f r o m  p ig  p a n c r e a s  t~ a f igu re  e l  3 .35 w a s  c a l c u l a t e d  l o r  t h e  
r a t i o  of m i c r o g r a m s  of p u r i n e - I ) o u n d  r i b o s e  t o  m i c r o g r a m s  of  t o t a l  p h o s p h o r u s .  T h e  r i b o n u c l e i c  
a c i d  c o n t e n t  is e x p r e s s e d  as  / ,g of r i b o n u c l e i e  ac id  p h o s p h o r u s  p e r  m g  n i t r o g e u  

T o t a l  n i t r o g e n  w;ts d e t e r m i n e d  b y  t h e  m e t h o d  of [!MBREIT, BURRIS kNI) ~I'AUFVKI{ 17. \1[  
a l l l n l o n i a  e s t i m a t i o n s  w e r e  p e r f o r m e d  ill d u p l i c a t e :  t h e  d u p l i c a t e s  u s u a l l y  a g r e e d  w i t h i n  less 
t l l a l l  I ell. 

R E S U L T S  

lsolalion o~ the zymogen granules o~ lhe pancreas 

Since it was not known at the outset  at which centrifugal force the zymogcn  
granules would sediment,  the following procedure was first employed:  The homo- 
genate was centrifuged for IO minutes  at 6oo >" g. The residue obtained consiste<l 
of red blood cells at the bot tom,  followed by a tannish layer consist ing of connectiw~ 
tissue, then a thin pinkish layer which was presumably  nuclei and last ly a loosely 
packed white  layer. The supernatant was then centrifuged for I0 minutes  at 8 ,5oo ,  g. 
Three layers were obtained.  At the bo t tom was a firmly packed white  layer. This was 
fol lowed by a firmly packed tan layer with a loosely  packed light pink layer on top. 
It was suspected that the white  layer might  contain the z y m o g e n  granules, the 
tannish layer, the mitochondria  and the pinkish layer, the microsomes.  The pinldsh 

leelcrenccs p. 3NX. 
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layer was easily washed away by swirling several times with o.25 M sucrose. The 
remaining material was resuspended by homogenization and submitted to various 
centrifugal forces in an attempt to obtain only the white material. This was achieved 
by centrifuging at Iooo × g, Under these conditions a firmly packed white layer 
was obtained with an overlying loosely packed light tan layer, which could easily 
be washed away with sucrose without any considerable loss of white material. 

In routine experiments the white material was isolated as follows: The homo- 
genate was centrifuged at 6o0 >~ g for Io minutes. The supernatant was carefully 
decanted to avoid inclusion of nuclei and was then centrifuged at IOOO >~ g for 
IO minutes. The loosely packed light tan layer was separated from the firmly packed 
white layer as described above, and the former was resuspended in o.25 M sucrose 
by homogenization and recentrifuged at IOOO x g for IO minutes. Only the white 
layer was obtained. This white material was suspended in sucrose and centrifuged 
at IOOO × g two additional times, then finally suspended in 5 to IO ml of 0.25 M 
sucrose and stored at o ° C. 

Microscopic identification o/the zymogen granules 

Examination of suspensions of the white material in the microscope revealed 
highly refractile bodies in Brownian motion. They ranged in diameter from about 
0.5 to 1. 5 microns. They were light green in colour. Depending on the depth of focus 
they appeared as hollow or as solid spheres (Fig. I). There appeared to be very little 
contamination with extraneous particulate matter. The granules did not stain with 
I : IO,OOO Janus green nor with I : Io,ooo neutral red. Zymogen granules do not stain 
intra vitam with either of these dyes (HIRSCHlS). The granules remained intact in 
95 % ethanol, although most of them agglutinated. When concentrated suspensions 

A 13 

Fig. I. Photomicrograph of a suspension of zymogen granules in 0.25 M sucrose. A and B show 
the different appearances of zymogen granules at different depths of focus. Because of the thickness 

of the suspension, not all of the zymogen granules are in focus. (Magnification 2,6oo × .) 

Re/erences p. 388. 
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of the zymogen granules were diluted with water the gross turbidity was about the 
same as when the granules were similarly diluted with o.25 M sucrose, but micr{,- 
scopic examination revealed only masses of amorphous material. This suggested that  
tim granules had been lysed but that most of their sul)stance renmin{,d insohlble in 
water. Freezing of suspensions of the granules in isotonic sucrose did not at)t)recial)ly 
alter their morphological appearance but caused them to agglutinat{'. 

From their morphological appearance, staining properties and size, it seemed 
very probable that  the large granules comprising the white layer which sedimented 
at zooo , g were zymogen granules, and they will be referred t() as such in the 
following sections. 

Enzyme content o~ the zymogen granules 

In Table I are shown tile specific activities (activities t)er nag N) of amylase, 
lipase and protease in tile zymogen  granules and in whole homogenates of the 
pancreases of five dogs. Only those amylase and lipase assays which were performed 

TABLE 1 

A C T I V I T I E S  O F  A M Y L A S E ,  L I P A S E  A N [ )  P R O T E A S E  I N  Z Y M I } G E N  G R A N U L E S  

A N [ }  H O M O G E N A T E S  O F  D O G  P A N C R E A S  

Enzyme activity per mg N. 

Amylase Lipasc l}rolea~e 
Dog. No. 

Z.G. tI. Z.(;. II. Z.r;. tt. 

J 1885 712 
2 I49o 754 
3 1788 678 
4 198° I°15 I5- '° 83~ 325 ° 4'; 
5 303 ° 18 

Z.G. : zymogen granules. H:  homogenates.  All of the above assays were performed the day 
of prepara t ion  except those for protease. The enzyme activities are defined in the Exper imenta l  
Section. 

the day the tissue was homogenized and fractionated are included. The specific 
activities of amylase and lipase in the zymogen granules were 2 to 2.5 times greater 
than the respective activities in the homogenates. The protease activity in the 
granules was 7oo to 17oo times that  of the homogenate. The very low protease 
activity of the whole homogenate relative to that  of the zymogen granules was 
probably due to the presence of trypsin inhibitor in the pancreas (NORTHROP, KUNITZ 
AND HERRIOTT[9). The trypsin inhibitor is presumably present in some component 
of the cell other than the zymogen granules. 

The specific activities of the enzymes appeared to vary more in the homogenates 
of different pancreases than in the zymogen granules. These findings suggest that  
the enzymes are present in the zymogen granules in fairly constant proportions, tile 
variations in specific activities of the homogenates being due to varying numbers 
of zymogen granules in different pancreases. 

The lipase act ivi ty in the zymogen granules appeared to fall on storage in the 
refrigerator. The amylase activity showed no decrease for at least 24 hours, and the 
protease was quite stable for at least a week. 

References p. 3&~'. 
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Of the various enzyme activities assayed the amylase activity should be regarded 
as the most reliable. This enzyme can be assayed with greatest precision, it appears 
to be more stable than lipase, and it does not require activation as do the proteases 
nor is its assay complicated by the presence of inhibitors. 

I t  is of interest that  the specific activities of amylase and lipase in the zymogen 
granules were only 2 to 2.5 times the respective activities in the homogenate. As- 
suming that  the digestive enzymes are contained almost exclusively in the zymogen 
granules this finding means that  the zymogen granules account for 4 ° to 50% of 
the total  nitrogen of the pancreas of a 24 hour fasted dog. This is quite compatible 
with histological studies of the acinar cells of the pancreas of the fasted dog in which 
the zymogen granules appear to occupy well over half of the cellular volume (BABKIN, 
RUBASHKIN AND SAVICHe°). On a volume basis the zymogen granules would also be 
expected to contain more nitrogen than the cell sap, which probably comprises the 
largest proportion of the remaining cell volume. 

The phospholipid and ribonucleic acid content o/ the zymogen granules and other cellular 
components 

In Table I I  are shown the concentrations of ribonucleic acid, phospholipid and 
amylase in the zymogen granules as well as in other fractions of a pancreas homo- 
genate; i.e. those fractions sedimenting by centrifugation at 600 × g, 2,0o0 x g, 
8,500 × g and 25,000 x g in 0.25 M sucrose as well as the remaining soluble material. 

T A B L E  I I  

CONCENTRATIONS OF PHOSPHOLIPlD, RIBONUCLEIC ACID AND AMYLASE 
IN VARIOUS FRACTIONS OF DOG PANCREAS 

Fraction tlg Phospholipid-P t~g Ribonucleic acid-P Amylase actiei~y 
per mg N per mg N pet mg N 

N u c l e i  29  39  139o  
Z y m o g e n  g r a n u l e s  7 3 173o  
Z y m o g e n  g r a n u l e s  

a n d  m i t o c h o n d r i a  25 5 9 1 o  
M i t o c h o n d r i a  53 37 5 2 0  
M i c r o s o m e s  66  112 23 
S o l u b l e  I I 38 l o 6 o  

All  c e n t r i f u g a t i o n s  w e r e  f o r  i o  m i n u t e s  e x c e p t  t h a t  a t  2 5 , 0 0 0  X g, w h i c h  w a s  f o r  60  m i n u t e s .  

All centrifugations were for IO minutes except that  at 25,000 X g which was for 
60 min. The fractions sedimenting at 600 x g, 8,500 x g and 25,000 x g will be 
referred to respectively as the nuclear, mitochondrial and microsomal fractions for 
convenience, although it is realized that  these fractions are by no means homogeneous. 
The fraction sedimenting at 2,000 x g contained zymogen granules and mitochondria. 
With the exception of the microsomal fraction, all fractions were washed at least 
once by resuspension in isotonic sucrose and centrifugation at the indicated speed 
for that  fraction. 

The ribonucleic acid content of the zymogen granule fraction was very low, 
being only 3 ~g ribonucleic aeid-P per mg N. This is only 2.5 % of the ribonucleic 
acid content of the microsomal fraction. The traces of ribonucleic acid in the zymogen 
granule fraction could well be due to contamination. 

References  p. 388.  
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Earlier studies have shown that  when enzyme secretion is st inmlatcd bv acetyl- 
choline there is an increased turnover  of phost)horyl lmits in the phospholipids <,f 
the pancreas (Hol¢IN .\ND HOl,IIN21.22). The possibility was considered that  tht, 
s t imulation of this turn~)ver might take place, in the zymogen grzmules. The data  
in Table II  make this possibility very unlikely: tile I~hospholipid co n t en t  of the 
zymogen granule fraction was very low, being 7 to ¢) ~tg of phospholil)id-P t)er mg N. 

The question arose as to whether the small quant i ty  of l)host)holipid in the 
zymogen granule fraction might be due to impurities. To throw some light em this 
problem a dog was anaesthetized, the pancreatic duct was cammlated and tho 
pancreatic juice was collected after intravenous injection of tfilocarpine (I mg per kf¢). 
No phospholipid was detected in the pancreatic juice. If the pancr~'atic ju io '  would 
have contained one-fiftieth as much phostfllolipid per mg N as the. zynlogell granule 
fraction this phospholipid would have been detectable. If it is assumed that  all of 
the material  in the zymogen granule is secreted, the failure to find t~hospholipid ill 
the pancreatic juice may  be taken as ovidence that  the zymog¢~n granules contain 
no phospholipid. This is compatible with the earlier observation that  there is no 
decrease in tim phospholipid content of the pancreas during enzyme secretion ~'-'. 
Reabsorpt ion of the t)hospholipid or its hydrolysis products seems lmlikely in view 
of the fact tha t  the turnover  of tile whole phost)laolipid nlolecuh', as ineasured 1 W 
the incorporation of glycerol-t-HC, is not increased during enzyme secretion ~'-'. 

The distribution of ribonucleic acid in the nuclear, mitochondrial,  microsomal 
and soluble fractions is similar to that reported for liver (H(~;h~()<~M, .~<'t~x~,:tD]c~¢ 
AND P~\LLAm~2s), except tha t  the quant i ty  of r ibonucMc acid per mg N in each of 
the fractions from pancreas was more than double that  of liver. This is to be ~xpected 
from the very high ribonucleic acid content  of the pancreas. There were at~preciable 
quantit ies of phospholipid in the nuclear, mitochondrial  and microsomat fractions, 
the largest amount  being in the microsomal fraction. In addition to microsomes, the 
microsomal fraction probably  contains (iolgi bodies and fragments of the "endo- 
plasmic re t iculum" of PORTEI~I z4. Both of these latter structures are very prominent 
in the pancreas. From their staining properties the (;olgi bodies have long been 
thought  to be rich in phospholipid ; nothing is known about the chemical composition 
of the "endoplasmic ret iculum".  

It  will be noted that  of all the cell fractions isolated, the zymogen granules 
contained the highest amylase act ivi ty  per nag N. This act ivi ty remained constant  
on repeated washings of the zymogen granules in isotonic sucrose'. The specific act ivi ty 
of amylase was high in several other  fractions, being part icular ly high in the fraction 
sedimenting at 6oo g and in the soluble fraction. Microscopic examination of the 
fraction sedimenting at (~0o :¢. g revealed tha t  the major  visible element of this 
fraction was zymogen granules. Wi th  regard to the high content  of amylase in the 
soluble fraction, it is likely that  homogenizat ion disrupts a large number  of zymogen 
granules releasing the amylase into solution. I t  should also be borne in mind that  
zymogen granules are of a wide range of sizes. Because of this, they would distribute 
themselves in wtrious fractions. In fact, judging from the distribution of amylase 
the only part iculate  fraction which appeared to be free of zymogen granules was 
tha t  fraction sedimenting at 25 ,oo0  g. 

Although most  of the fractions were highly contaminated  with zymogen granules 
the converse was not true; the very low ribonucleic acid content of the zymogen 
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rOE. 18  (I()55) ZYMOGEN (;RANITLI~S OF DO(; PANCREAS 385 

granule fraction indicates that  the zymogen granules were not contaminated to any 
appreciable extent by other cellular components. 

Solubilization o/the zymogen granules by alteration i.~ pH 

During a routine enzyme assay it was found that  when a turbid suspension of 
lysed zymogen granules was added to the substrate solution the turbidi ty was 
immediately lost. Further investigations revealed that  this was an effect of pH. 
The pH of suspensions of zymogen granules in isotonic sucrose was between 5.5 
and 6.0. If the pH of these suspensions was raised to 7.2 or above the zymogen 
granules were dissolved within a few seconds, leaving a clear or almost clear solution. 

The quanti ty of zymogen granules could be estimated turbidimetrically by 
measuring the optical density of suspensions in a colorimeter with a 65 ° m~ filter. 
Fig. 2 shows the effect of altering 
the pH on the turbidi ty of a sus- 
pension of zymogen granules in 
isotonic sucrose. I t  can be seen 
that  the zymogen granules exhi- 
bited opt imum stability at pH 5-5. 
At pH 's  between 6.o and 7.2 they 
were partially solubilized, the 
solubilization increasing until it 
reached a maximum at pH 7.2. 
At pH 7.2 and above the optical 
density was only 5 % of maximum. 
This residual optical density is 
probably due to impurities. Solu- 
bilization of the zymogen granules 
was less sharp on the acid side of 
pH 5.5, the optical density of the 
suspensions at pH 3.8 being more 
than half of maximum. At those 
pH ' s  where solubilization was 
only partial, the optical density 
remained constant for long peri- 
ods. This shows that  the solu- 
bilizing effect of alkali or acid was 
not due to the activation of an 
enzyme but was a physical phe- 
nomenon. The stability of the 
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Fig. 2. The solubilization of the zymogen granules at 
various pH's .  The suspension of zymogen granules 
used in this experiment  contained 23.2 t*g N per ml. 
o.oo 5 M phosphate  buffer was used for p H ' s  between 
5.8 and 7.6. o.oo 5 M acetate buffer was used between 
pH 3.8 and 5.7. The p H ' s  were determined with a 
glass electrode in the Beckman p H  meter, model G. 
The optical density was measured in a photoelectric 

colorimeter with a 65o mu filter. 

zymogen granules at pH 5.0 to 6.0 could be due to the presence of structural proteins 
within the granules which have isoelectric points in the region of pH 5.o to 6.o. But 
this seems rather  unlikely in view of the fact that  when the pH of a solubilized sus- 
pension of granules was returned to between 5.o and 6.o no reprecipitation occurred. 

One interesting implication of these studies is that  if the same pH dependence 
for opt imum stability exists within the cell as was found in suspensions of isolated 
zymogen granules, then the pH of the cell, at least in the vicinity of the zymogen 
granules, must be in the neighborhood of 5.o to 6.o. This pH is lower than is usually 
l?e/ere~ces p. 3XX. 
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thought to exist within cells. But it is well known that when most tissues arc homo- 
genized in the cold the pH is found to be in this range immediately after homogeni- 
zat ion--before sufticient time could elapse for much autolysis to take place. "l'ho 
"pH of the cell" is however a term of limited significance -the cell is a highly 
heterogeneous system, and it is probable that the pH is different in different parts. 

After lysis of the granules in water over two-thirds of the lipasc and over three- 
quarters of the trypsin remained bound to the insoluble material. However, ow'r 
95 °''o of the amylase was liberated into solution. About 23"°, of the total nitrogen 
was released into solution. Freezing of suspensions of zymogen granules in isotonic 
sucrose released about r5% of the amylase into solution. The fact that a large 
proportion of the lipase and protease remained bound to the insoluble material aft('r 
lysis shows that these enzymes are not retained in simple solution within the zymogen 
granules, but probably exist in the form of insoluble complexes with matrix proteins. 
It  is likely that all of the enzymes are held in such complexes; the complex between 
amylase and matrix protein would, in this case, be very labile. The solubilizing effect 
of altering the pH to the acid or alkaline side of pH 5.5 could be din' to a dissociation 
of the complex between enzyme and matrix protein. 

I)IS('USSION 

The fact that the zymogen granule fraction contained very small amounts of 
ribonucleic acid and phospholipid is of interest. This is in contrast to other particulate 
fractions such as mitochondria and microsomes. The small amounts of phospholipid 
and ribonucleic acid which were found in the zymogen granule fraction might be 
due to contamination. It  appears that the zymogen granules consist almost entirely 
of protein. This is of course in keeping with their function as storage sites for the 
digestive enzymes. CLAUDE 25, in one of the earliest attempts to isolate subcellular 
particles by differential centrifugation, claimed to have isolated the zymogen 
granules of the pancreas. He stated that these granules contained 2o°'0 lipid, mainly 
phospholipid. In view of the conditions used (sedimentation at 2,ooo : g in o.85% 
NaC1), his fraction no doubt contained many mitochondria, which could account for 
the high lipid content of the fraction. KHEStN 7 isolated a "large granule" fraction 
from homogenates of pigeon pancreas by centrifuging at "I2,OOO to I5,OOO r.p.m." 
in o.25 M sucrose plus Ringer-bicarbonate for IO minutes. This fraction would contain 
most of the mitochondria and probably a considerable quantity of the microsomes. 
It  seems that a fairly large proportion of the zymogen granules were not sohlbilized 
under KHESIN'S conditions, and were present in the "large granule" fraction, since 
this fraction contained about 3 ° to 6o% of the total amylase. This suggests that 
zymogen granules of pigeon pancreas may be more stable at pH's above 5.o to 6.o 
than those from dog pancreas. 

The digestive enzymes or zymogens are present in pancreatic juice in the soluble 
form; no zymogen granules are ever seen. It is thus clear that at some stage in the 
secretory process the zymogen granules are dissolved. Whether the zymogen granules 
are extruded intact, dissolving in the pancreatic juice, or whether they are solubilized 
within the cell prior to the secretion of the enzymes is not certain. There is evidence 
that both mechanisms may operate (see KUHNE AND LEA 5, BABKIN et al. 2°, HORNING 2s, 
COVELL27). If the zymogen granules are extruded intact it is quite clear from their 
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so lub i l i t y  a t  h i g h e r  p H ' s  t h a t  t h e y  w o u l d  r a p i d l y  d i sso lve  in t he  a lka l ine  p a n c r e a t i c  

juice.  I t  is a lso poss ib le  t h a t  in t h e  p roces s  of s ec r e t i ng  an  a lka l ine  ju ice  t h e  p H  of 

t h e  ac ina r  cell r ises  so as to  solubi l ize  t h e  g r anu l e s  in t r ace l lu l a r ly .  One  a r g u m e n t  

a g a i n s t  t h i s  l a t t e r  poss ib i l i ty ,  h o w e v e r ,  is t he  fac t  t h a t  secrekin is a m u c h  m o r e  p o t e n t  

s t i m u l a n t  of a lkal i  s ec r e t i on  t h a n  is a c e t y l c h o l i n e ;  y e t  s ec re t in  is m u c h  less e f fec t ive  

t h a n  ace ty l cho l i ne  in s t i m u l a t i n g  e n z y m e  sec re t ion  (see BABKIN2~). 
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SUMMARY 

The zymogen granules have been isolated from dog pancreas in relatively pure form. They 
contain very small amounts of ribonucleic acid and phospholipid. On a nitrogen basis they contain 
2 2. 5 times as much amylase and lipase and 7oo to 17oo times as much protease as the whole cell. 
The disproportionately high protease activity in the zymogen granules is probably due to the 
presence of trypsin inhibitor in the whole homogenate, but not in the purified zymogen granules. 
The zymogen granules are stable in isotonic sucrose for long periods at pH's  ranging from 5.o 
to 6.o, but they are rapidly solubilized if the pH is raised to 7.2 or higher. Solubilization occurs 
on the acid side of pH 5.o, but is less sharp than solubilization with alkali. Suspension of the 
granules in water liberates about 95 % of the amylase into solution, but most of the lipase and 
protease remain bound to the insoluble material. Since pancreatic juice is alkaline the solubilization 
of the zynlogen granules at higher pH's  can explain how they are dissolved in the pancreatic juice. 

R~SUM~: 

Les granules de zymog6nes ont 6t6 isol6s du pancr6as du chien 5̀  l '6tat relativement pur. 
Ils contiennent de tr6s petites quantit6s d'acide ribonucl6ique et de phospholipides. En prenant 
pour base la teneur en azote, ils contiennent 2-2. 5 fois plus d'amylase et de lipase et de 700 5̀  170o 
fois plus de prot6ase que les cellules enti~res. La teneur disproportionn6e en activit6 prot6asique 
des granules de zymog~nes est probablement due 5, la pr6sence de l'inhibiteur de la trypsine 
dans l'homog6nat entier et 5̀  son absence dans les granules de zymog6nes purifi6s. Les granules 
de zymog6nes sont stables dans le saccharose isotonique pendant des temps prolong6s /~ des pH 
compris entre 5.0 et 6.0, mais ils sont rapidement dissous si le pH atteint ou d6passe 7.2. Ils se 
dissolvent 6galenlent 5̀  des pH inf6rieurs 5̀  5.0, mais moins rapidement qu'aux pH alcalins. Une 
suspension de granules dans l'eau lib6re environ 95 % de l'amylase en solution, mais la majeure 
partie de la lipase et des prot6ases reste li6e aux particules insolubles. Puisque le suc pancr6atique 
est alcalin, la solubilisation des granules de zymog6ne ~ des pH 61ev6s peut expliquer comment 
ils se dissolvent dans le suc pancrdatique. 

ZUSAMMENFASSUNG 

Zymogenpartikel wurden aus Hundepankreas in verh~tltnissm~ssiger Reinheit isoliert. Sie 
enthalten sehr kleine Mengen Ribonukleins~iure und Phospholipide, Auf Grund yon Stickstoff- 
berechnungen enthalten sic 2 bis 2. 5 mal so viel Amylase und Lipase und 700 bis i7oo mal so vieI 
Protease wie die ganze Zelle. Die unverh/iltnism~tssig hohe Proteaseaktivit~it der Zymogen- 
partikel ist wahrscheinlich der Gegenwart eines Trypsin-Hemmungsfaktors imn ganzen Homogenat 
zuzuschreiben, welcher in den gereinigten Zymogenpartikeln nicht zugegen ist. Die Zymogen- 
partikel sind in isotonischer Saccharose in einem pH-Bereich von 5.0 bis 6.o fiir lange Zeit stabil, 
16sen sich jedoch schnell, wenn der pH-VVert bis 7.2 oder h6her ansteigt. Die Partikel 16sen sich 
auch, wenn der pH-Wert  tiefer sinkt als 5, aber die Wirkung ist weniger krass als auf der alka- 
lischen Seite. Durch W'assersuspendierung der Partikel wird etwa 95 % der Amylase in L6sung 
gebracht, w~ihrend der gr6sste Tell der Lipase und Protease an das unl6sliche Material gebunden 
bleibt. Da die Zymogenpartikel bei h6heren pH-~Nerten 16slich sind, kann die Alkalinit/it des 
Pankreassaftes als Erkl~irung ffir ihre L6slichkeit im Pankreassaft dienen. 
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