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SUMMARY 

The biosynthesis of a specific protein, ~-amylase, was s tudied in the  ra t  parotid gland. 
The cell proteins were labeled i n  v ivo  by injecting [14Cqamino acids. Subsequent ly  the  
specific radioactivity,  as well as the total  counts  incorporated into amylase and into the  
total  proteins of the various cell fractions, were recorded for different t ime intervals .  

The following results  were obtained. 
i.  The specific radioact ivi ty  at short t ime intervals  (5-15 rain af ter  the injection), 

was highest in the  amylase of the microsomal fraction, and lowest in the  zymogen 
fraction. A ra ther  high 14C-concentration was also found in the  amylase of the  super- 
na t an t  fraction. 

2. A twenty-fold increase in the specific radioact ivi ty  of amylase in the zymogen 
granules was recorded after 12o rain, while in the  other  cell components  only a 
moderate rise occurred. In the  microsomes there  was even a drop in a'C-content. 

3- The distribution of the to ta l  counts Lncorporated into amylase 15 rain after the  
injectie:, was lowest in the zymogen granules.  However,  af ter  12o rain the  x4C 
accumulated to a ra ther  high extent  in this  fraction, while its concentrat ion in the  
microsomal fraction decreased. 

I t  is concluded t ha t  amylase is synthesized in the microsomes, rapidly released to  
the soluble portion of the cell, and subsequent ly  t ransferred to the  zymogen granules,  
where it is concent ra ted  and stored. 

INTRODUCTION 

The digestive glands are par t icular ly suited for the  s tudy of protein synthesis.  They  
have a high protein outputL their  secretory act ivi ty  is cyclic and can be triggered by 
various me~_s ~-4, and the proteins produced are enz3~nes; these circumstances 
facilitate quant i ta t ive  studies of wel1-charact~.rized proteins. 

The work on the  synthesis of secretory enzymes was hithext6 li.-~.dted mainly to  
the pancreas. However, for the  s tudy of synthesis  of a specific enzyme, the parot id  
gland seems to have several advantages  over the pancreas. I t  produces large amounts  
of one typical  secretory enzyme, ~-amylasel, 5. This enzyme is very stable, is easily and  
accurately assayed, and can be purified in small amounts  to a very high degree wi th  
good recoveries 6. 

* Present address: University of Hawaii, Honolulu x4, IIawaii (U.S.A.). 
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The  synthes is  ,off ; ~ - [ h ~  wa~ s tud ied  in vivo in the  pancreasa.  7 and  in the  sub- 
max i l l a ry  g land  s. ~ 4 t i i ~  ~M ~ o  ~e re  also r epor ted  in the  pancreas  wi th  ~lices ~-*°-, 
or  wi th  isola ted ceil  ffa'~ctti~o~m~.~, ltrt all these  s tudies,  amylase  synthes is  was measu red  
by increase in ~ ~ ~g i~out  concomi t an t  n e t  pro te in  synthesis .  Incorpora-  
t ion  of radioactix~e :ammii~o ~ i~o ,  & _rn_ylase of pancrea t i c  slices was  also r epor t ed  *~, re. 
However ,  t h e  int, e r ~ e t a ~ 0 m  o t  a ~  these  s tudies  r emains  controvers ia l ,  and  no con- 
clusive evidence at~m~t ~tIae iimma~el~!ar site of amylase  syn thes i s  has  been presented .  

This  commmfica~ii~a ~ e s  s tudies  on the incorpora t ion  of labeled amino  
acids  in to  t h e  tota~ t a r ~  a a ~  into purif ied amylase  of t he  r a t -pa ro t id  g land  a n d  
t h e  deterrninatiom,off~he um0~tt a~zt~-e period of prote in  syn thes i s  in th is  gland.  Ev idence  
is p rov ided  th,nt ~Jae ~t~.0momm~ represen t  the  in t race l lu la r  locus of amylase  format ion,  
and  t h a t  th i s  e~az3mae iis ~ ~ n t l y  t r ans fe r red  a n d  s tored  in z}-mogen granules  
inside the  ceil. & ~]~r, e g ~ m m ~ -  a~eount  of th is  work  has  been publ i shed  ~. 

EXPERIMENTAL 

Preparat ion of  a~ima1, 

Fema le  r a t s  , ~  adt,0~ xTo g were used for t ~ s  s tudy .  In  order  to  br ing  the  
exocr ine  cell ~ ~ a  ~off , ~  ~ to  a s~uachronized func t iona l  s tage,  the  ra t s  were 
s t a r v e d  for 48 h (see r~ff~. :~. a&)i~- Fo r  s t u d y i n g  t h e  cycle of synthes is  ~ud  secret ion.  
t h e  l a t t e r  process  ~ ~miimmll~edl by  feeding for 3 ° min.  followed by one in t ra-  
per i tonea l  in jec t ion  .off ~ mm~g o~ l ~ c a r p i n o  hydrochlor ide  in x ml  of isotonic saline. 
The  an imals  were  sac~f i~d i  ~ ~a~ous  t imes  af ter  the  pi Iocarpine inject ion.  In  ex- 
pe r imen t s  des i~e~ t  , o  ~ ~I~e period in the  cycle Ln which pro te in  synthes is  
p roceeded  a t  ~tile ~ _ ~ , ,  ~u,i~ais a f te r  s t a rva t ion ,  or  a t  specific t ime  in terva ls  
a f t e r  piiocaxpine iim:~oOii~. ~ in t r ape r i tonea l ly  3/zC of a lgal  pro te in  hydro lysa t e  
( tmiformal ly  lab~!o~i ~ a~-)t i~ ~ ml  of isotonic saline. The  an imals  were sacrificed 
2o rain a f te r  t h e  ~*C iim~_a~0m. Kt~ these  expe r imen t s  z ra t s  were used for each t ime 
in te rva l .  

Fo r  following ~ ~ m r . $ ~ i o n  of enzyme  ac t iv i ty  and  pro te in-~ynthes iz ing  
capac i ty  in var ious  ,c~$1 ~ m ~ . ~  the  starved, ra ts  rece ived  a meal  and  a pi locarpine 
inject ion,  a n d  ~>-~o ~a ~ . _ _ ~ y  were g iven  an in t r ape r i tonea l  in ject ion of the  radio- 
ac t ive  algal  p r o t m  ~ w ~ a ~ _  e, i~ r ml  of isotonic saline. The  a m o u n t  of t h e / , C  in- 
j ec t ed  va r i ed  ~a ~ . ~  . ~ e ~ m x e n t s  and  is ind ica ted  in t h e  t ab les  and  figures. At  
specified i n z e r v ~ s  :a~ex ~ ~ i ~ e c t i o n  t h e  ra ts  were killed. F o u r  ra t s  were used in 
each  t ime  in te rva]  ~th~a ~0~tad] ~go~ein synthes is  was s tudied,  T h e  n u m b e r  of an imals  
was  increased  t o  ~:o ,er ~ ~ h e ~  ~ s ~ t h e s i s  of ~-amylase  was inves t iga ted .  Feed ing  
a n d  Ln]e~--fions were  s ~  ~o, agIow exac t  t iming  for the  label ing wi th  each g roup  
i n  vivo. 

Preparaion o: 
The  r a t s  wer~ ~ ~ elffler anes thes i a  by cu t t i ng  the  hear t .  Af te r  rap id  

b leed ing  tl ,e ~-~,o ~ ~ were removed ,  col lected in ice-cold o.25 M sucrose, 
a n d  dissected free ~wam ~ r a m ~ e ~  f~'t, fasciae az~d small  l y m p h  nodes.  The  g lands  were 
we ighed  (usnal.'ly.. ~ x ~  ~gr  ~issue for a x5o-g rat)  and  d iv ided  in to  amoul t t s  of 
3oo m g  of t issue.  ~ d t a ~ ¢ ~ e ,  sr-ai1 pieces in to  a p y r e x  t es t  t u b e  (z3.o ><. 15o ram).  
o.25 M sucrose w a s  ~ [m ~ p ropor t ion  of ~ m l / I o o  m g  of t issue (o.5 m l / I o o  m g  of 
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t i s sue  w h e n  s t u d y i n g  a m y l a s e  s y n t h e s i s ) .  H o m o g e n i z a t i o n  w a s  c o m p l e t e d  in  I m i n  
e m p l o y i n g  a lose ly  f i t t i ng  te f lon  p e s t l e  (12.6 ram)  to e n s u r e  a h i g h  y i e l d  of z y m o g e n  
granulesS.  T h e  h o m o g e n a t e  was  f i l t e red  t h r o u g h  a f ine p l a s t i c  sc reen  a n d  t h e  r e m a i n i n g  
m a s s e s  of t i s sue  were  reco l lec ted ,  al l  e q u a l  v o l u m e  of sucrose  w a s  a d d e d  a n d  h o m o -  
g e n i z a t i o n  was  c o n t i n u e d  for a n o t h e r  i mh~.. T h i s  w a s  a g a i n  f i l t e red  t h r o u g h  t h e  p l a s t i c  
s c reen  a n d  a d d e d  to  t h e  res t  of t h e  h o m o g e n a t e ,  wh i l e  t h e  r e m a i n i n g  m a s s e s  of 
c o n n e c t i v e  t i s sues  a n d  who le  cel ls  were  d i s c a r d e d .  

Cell f rac t ionat ion  

T h e  h o m o g e n a t e  was  f r a c t i o n a t e d  a c c o r d i n g  to  t h e  p r o c e d u r e  of SCHRAM,~t AND 
DANON 5, b u t  u s ing  a r e f r i g e r a t e d  I n t e r i a a t i o n a l  c e n t r i f u g e  Model  P R - 2  for t h e  i s o l a t i o n  
of t h e  n u c l e a r  a n d  z y m o g e n  f rac t ions ,  a S e r v a l  m o d e l  SS-I  c e n t r i f u g e  o p e r a t e d  a t  4 ° 
a n d  14000  × g for  m i t o c h o n d r i a ,  a n d  a 6 o - m i n  r u n  in  t h e  Mode l  L Sp inco  u l t ra -  
c e n t r i f u g e  for s e d i m e n t i n g  m i c r o s o m e s .  T h e  f i rs t  f r a c t i o n  (nuc le i  + z y m o g e n  g r a n u l e s )  
was  f i n a l l y  s u s p e n d e d  in  a v o l u m e  of 0.25 M sucrose  e q u i v a l e n t  to  o.z of t h e  v o l u m e  of  
t h e  o r i g ina l  h o m o g e n a t e .  T h e  o t h e r  f r a c t i o n s  were  e a c h  s u s p e n d e d  in sucrose  s o l u t i o n  
e q u i v a l e n t  to o . I  of t h e  o r ig ina l  v o l u m e .  

o,-A mylase isolation and puri f icat ion 

T h e  p r o c e d u r e  of LOYTER AND SCHRAMM e was '  u s e d  w i th  s l i gh t  m o d i f i c a t i o n s .  
H o m o g e n i z a t i o n  a n d  cel l  f r a c t i o n a t i o n  were  d o n e  in  0.25 M sucrose .  E a c h  f r a c t i o n  
was  d i l u t e d  w i t h  H~O to a c o n c e n t r a t i o n  of 2 m g  p r o t e i n / m l ,  a n d  t h e n  s u b j e c t e d  to  t h e  
first  two  s t eps  of p u r i f i c a t i o n  : e t h a n o l  p r e c i p i t a t i o n  a n d  specif ic  a d s o r p t i o n  on  g lycogen .  
T h e  w a s h e d  g l y c o g e n - a m y l a s e  p r e c i p i t a t e  w a s  s u s p e n d e d  in  0.02 M N a , K  p h o s p h a t e  
bu f fe r  ( p H  6.9) c o n t a i n i n g  0 .0067 M NaC1. T h e  s u s p e n s i o n  w a s  i n c u b a t e d  a t  39 ° for  
2 h, a n d  d i a l y z e d  for 94 h a g a i n s t  HsO.  I n  t h i s  w a y  a b o u t  85 % of t h e  g l y c o g e n  w a s  
d i g e s t e d  a n d  r e m o v e d ,  w i t h  n o  a p p r e c i a b l e  loss in  e n z y m e  a c t i v i t y .  A m y l a s e  f r o m  t h e  
v a r i o u s  ce i l  f r a c t i o n s  w a s  t h u s  pu r i f i ed  to  a l m o s t  t h e  s a m  degree  (Tab le  I), r e a c h i n g  a 
specif ic  a c t i v i t y  i d e n t i c a l  w i t h  t h a t  of t h e  c r y s t a l l i n e  e n z y m e  6. T h e  a m y l a s e  c o n t e n t  of 
t h e  m i c r o s o m e s  was  v e r y  low i n i t i a l l y  (see T a b l e  I I ) ,  a n d  t h e  pu r i f i c a t i on ,  a l t h o u g h  
q u i t e  eff icient ,  w a s  n o t  as e f fec t ive  as  w i t h  t h e  o t h e r  ce l l  f r ac t i ons .  

TABLE I 

P U R I F I C A T I O N  OF  A M Y L A S E  ~ R O M  V A R I O U S  C E L L  F R A C T I O N S  OF  T H E  R A T - I P A R O T I D  G L A N D  

Expt. A was performed with 2.33 g of tissue (243 mg of protein) from 2o rats, while Expt. t3 was 
done with 3.o9 g of glands (27o mg of protein) from 22 animals. 

Fract ion 
A ~nylase &mitsimg protein) Recovery • 

Before puri  t~cadion Alter tmri•cation ( °6 ) 

A B A B A B 

Homogenate 328 300 3380 3280 89 93 
Nuclei + zymogen granules 400 386 4oo0 4t3 o 87 85 
Zymogen granules 700 662 4380 385 ° 76 85 
Mitochondfia x6o zo6 4000 4400 89 95 
Microsomes 27 *" 38 * * x64o 2840 66 89 
Final supernatant 3 lo 280 4 x 70 3400 94 86 

" The t~t~I amount of enzyme in each fraction before purification = Ioo. 
* *  Values obtained after t reat t ,ent  -.:,[th Triton X-too. 
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Counting of total protein and of c~-amvlase 
The  prote ins  of the  var ious  cell fract ions were prepared,  p la ted ,  counted  and  

weighed according to  SIEKEVITZ 19. Purified amylase,  which still conta ined  abou t  5o % 
glycogen by  weight ,  was  p la ted  and coun ted  directly.  In this  case the  specific radio- 
ac t iv i ty  was  ca lcu la ted  on the  basis  of direct  pro te in  de t e rmina t ion  on an a l iquot  of 
the  same prepara t ion .  XVhen the  washing  procedure  descr ibed by  SIEKEVITZ 19 was  
appl ied to  this  pure  a.rnylase, all the  remain ing  glycogen was  removed,  bu t  the  specific 
r ad ioac t iv i ty  was  t he  same as t h a t  obtaLn_ed by  the  direct  method .  

Assay of ,t-amylase activity 
Amylase  ac t iv i ty  was  measured  by  r e d u c t o m e t r y  wi th  dini t rosal icylate ,  as 

descr ibed by  BERNFELD 2°. A un i t  of amylase  was  defined as the  a m o u n t  which 
ca ta lyses  t he  format ion of x mg equ iva len t  of mal tose  h y d r a t e  in 3 min a t  3o °. Cell 
fract ions,  excep t  microsomes,  exhibi ted  full amylase  ac t iv i ty  af ter  ten-fold di lut ion in 
o.oz M p h o s p h a t e  buffer (pH 6.9). In  the  case of the  microsomes,  t r e a t m e n t  wi th  
Tr i ton  X- Ioo  ( o . I % )  caused  a two fold rise in enzyme  ac t iv i ty ;  b u t  as t he  to ta l  
ac t iv i ty  of th is  fract ion was ahvays  very  low, m e a s u r e m e n t s  were done ~,;dthout t r i ton ,  
unless  other,-Ase specified. 

Analytical methods 
Prote in  was  de t e rmined  by  the  m e t h o d  of LowRy et al. 21, ca l ibra ted  wi th  crysta l -  

line se rum albmrtin. Glycogen was  e s t ima ted  wi th  t he  p h e n o l - s u l f u r i c  acid reagen t  of 
DvBoIs  et al.2~. 

Materials 

x~C-labeled algal prote in  hydro lysa te  was purchased  from the  Radiochemical  
Centre ,  A m e r s h a m  (Great Bri tain) .  The  nonionic  de te rgent  Tr i ton  X-xoo was  provided 
by  Dr. M. SCHRAMM. 

RESULTS 

Cycle of secretion and synthesis in the rat-parotid gland 
The  secre tory  ac t iv i ty  of the  digest ive g lands  is known to  be cyclic. DALY AND 

MmSKY a, work ing  wi th  t h e  pancreas ,  s t a t ed  t h a t  one can in i t ia te  and  control  the  
syn thes i s  of prote ins  in such a cycle because  a n y  excret ion of enzyme  dur ing  t he  
secretory" phase  leads to  an accelera ted  ra te  of prote in  s3mthesis, such as to  compensa te  
for t he  lost prote in .  SCHUCHER AND HogI,~t ' ,  work ing  wi th  pancrea t i c  slices, found,  
however ,  t h a t  the  r a t e  of enzyme synthes is  was  i ndependen t  of t he  secre tory  act iv i ty .  
Therefore ,  t h e y  concluded t h a t  " t h e  cycle of secret ion and  resynthes i s  m a y  mere ly  
reflect a cons t an t  r a t e  of enz~wne synthes is  wi th  super imposed var ia t ions  in t h e  
sec re to ry  r a t e" .  

In  an  a t t e m p t  to  de te rmine  t he  period of most  ac t ive  prote in  ssmthesis  in the  
r.~_t-parotid gland,  t he  re la t ions  be tween  secret ion and  synthes is  were  s tud ied  dur ing  a 
comple te  secre tory  cycle. T h e  secret ion was s t imu la t ed  by  bo th  food and  pilocarpine,  
a p rocedure  which gave  a reproducible  50-60 % drop in enzyme  ac t iv i ty  (Fig. I).  B y  
us ing  each  of these  t r iggers  alone it  was  found, in accordance  wi th  the  observat ions  of 
DALY ASD MmSKY a, t h a t  while pi locarpine produced  a reproducible  bu t  small  d rop  
(2o--3o %) in enzyme  act iv i ty ,  feeding caused  var iable  changes  in ac t iv i ty .  Also, wi th  

Biochim. Biophys.  Acta, 69 (I963) 85 -96  
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t h e  a d o p t e d  p r o c e d u r e  for i n d u c t i o n  o{ secre t ion ,  t h e  course  of r e s t o r a t i o n  of e n z y m e  
a c t i v i t y  was  a lways  reproduc ib le .  

A comple t e  s e c r e t o r y  cycle  in  t h e  r a t - p a r o t i d  g l a n d  is s h o w n  in Fig.  x. T h e r e  was  
a h igh  level  of e n z y m e  a c t i v i t y  a t  s t a r v a t i o n .  A f t e r  s t i m u l a t i o n  of secre t ion ,  t h e  
a c t i v i t y  d r o p p e d  d u r i n g  a pe r iod  of 4 -5  h to  less t h a n  ha l f  t h e  in i t ia l  va lue ;  i t  r e m a i n e d  
a t  th i s  low level  for a n o t h e r  5 - 6  h, a n d  t h e n  rose s lowly b a c k  to  t h e  ini t ia l  va lue .  
We n e v e r  obse rved  a rise a b o v e  t h e  in i t ia l  level  of a c t i v i t y  found  in r a t s  s t a r v e d  for 
48 h. Such  a rise has  been  r e p o r t e d  w h e n  shor t  f a s t i ng  per iods  of less t h a n  12 h were  
useda, 2s, or  w h e n  cont ro l  a n i m a l s  were  n o t  s t a r v e d ~ .  
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Fig. I. The cycle of secretion of amylase and synthesis of proteins in a whole homogenate of the 
rat-parotid gland. Each circle represents one experiment x~ith a pool of z rats. 

Fig.  I also shows changes  in t h e  r a t e  of t o t a l  p ro t e in  syn thes i s  d u r i n g  t h e  sec re to ry  
cycle,  as d e t e r m i n e d  b y  t h e  r a t e  of ~4C i n c o r p o r a t i o n  in to  p r o t e i n s  of p a r o t i d  t i s sue  
wi th in  a def ined t i m e  i n t e r v a l  (20 min) .  T h e r e  w a s  a ce r t a in  s t e a d y  r a t e  of syn the s i s  a t  
s t a r v a t i o n ,  which  d r o p p e d  a t  t h e  onse t  of secre t ion  t o  a m i n i m a l  va lue .  T h e  r a t e  of 
syn thes i s  s t a y e d  be low t h e  s t e a d y  s t a t e  leve l  d u r i r g  t h e  pe r iod  of a c t i v e  secre t ion ,  
t h e n  rose to  a m a x i m u m  a t  a b o u t  I6--20 h a f t e r  t h e  onse t  of  secre t ion ,  a n d  f inal ly  
d r o p p e d  s lowly b a c k  to  t h e  in i t ia l  s t a r v a t i o n  level.  

I n  c o n t r a s t  w i th  t h e  cons iderab le  c h a n g e s  in  t h e  r a t e  of p ro t e in  syn thes i s  d u r i n g  
t h e  s ec re to ry  cycle,  no  s ignif icant  a l t e r a t i o n  in t h e  t o t a l  p ro t e in  c o n t e n t  of t h e  h o m o -  
g e n a t e  could  be; obse rved .  Sma l l  c h a n g e s  in  t h e  a m o u n t  of  t o t a l  p ro te in ,  as  c o m p a r e d  
t o  qu i t e  p r o n o u n c e d  chmlges  in  e n z y m e  ac t iv i t ies ,  were  r e p o r t e d  in  t h e  p a n c r e a s  s, ,s,,4. 

F r o m  t h e  curves  in Fig. I ,  i t  can  be  c o n c l u d e d  t h a t  t h e  re la t ion ,  if any ,  b e t w e e n  
e n z y m e  secre t ion  a n d  p ro t e in  syn thes i s  in t h e  r a t - p a r o t i d  g l a n d  s t i m u l a t e d  b y  food 
a n d  p i locarp ine  is n o t  a d i rec t  one.  T h e r e  w a s  n e i t h e r  a c o n s t a n t  r a t e  of syn thes i s  
d u r i n g  t h e  s ec re to ry  cycle,  n o r  an  acce le ra t ion  of  syn the s i s  a t  t h e  onse t  of  secre t ion ,  
b u t  r a t h e r  an  inh ib i t ion .  As a l r e a d y  m e n t i o n e d ,  t h e  m o s t  ac t ive  pe r iod  of p r o t e i n  
syn thes i s  was  b e t w e e n  16 a n d  2o h a f t e r  t . e  onse t  of  secre t ion .  FAReER A~D Sz- 

Biocltim. Biophys. Acta, 69 (x963) 55-96 
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DRASSKY z* similarly obsei~-ed an increased rate  of incorporation of radioactive amino 
acids into proteins of ra t  pancreas  in the period of enzyme restoration.  All of the ex- 
per iments  dealing with  laC-labeling of proteins in general,  and  ~-amylase in part icular ,  
were therefore per formed with rats  whose parotid glands were at this stage of the 
secre tory  cycle~ 

Distribution of amylase activity in celhdar components at various stages of the secretory cycle 
Table II  shows the dis tr ibut ion of amvlase  act iv i ty  and protein in cell fractions 

of a homogenate  prepared from glands excised before, and at  various intervals  after 
feeding and pilocarpine injection. Similar results were obta ined after  fasting periods 
of I2 and 48 h. The same distr ibut ion was also repor ted af ter  a 24-h fa~tL SIEKEVITZ 
AND PALADE 18 proposed tha t  a long fasting period might  change the distribution of 
enzyme act ivi ty ,  and  might  especially lower the microsomai act ivi ty.  The results  
presented here indicate tha t ,  in the ra t -parot id  at least, prolonged s tarvat ion does not  
change the  pa t t e rn  of enzyme distr ibution.  

The first two fractions, represent ing main ly  large and med ium sized zymogen 
granules  s, 25 contained about  50 O:,o of the enzyme act ivi ty ,  while most  of the remainder  
was in the  soluble fraction. After  the onset of secretion, amylase  ac t iv i ty  dropped in 
t h e  first fraction and rose in the mi tochondr ia  and, to a smaller  extent ,  in the final 
superna tan t .  This decline and rise in ac t iv i ty  was most  pronounced in the period of 
active protein synthesis.  No ,ionificant rise could be observed in the ac t iv i ty  of the 
microsomes at  any  t ime during the complete  secretory cycle. The ac t iv i ty  measured  
at  t~, i ,  2, 4, 5 and  7 h af ter  pilocarpine injection was the  same as tha t  recorded in 
Table II .  

T A B L E  I [  

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

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

F r a c t  ion 

A m y l a s c  P r o t e i n  
I¢~'lat ire  d i s t  r ibu t ion  ° R d a t  ivc d is tv ibut  ion"  

o h '~j 3 h 18 k o h °* 3 h .r8 h 

Nuclei % zymogen granules 38 3 t 24 z6 2o i6 
Zymogen granules 13 14 x 5 9 8 8.5 
Mitochondria 2 4 IO 7 io 1 i. 5 
M i e r o s o m e s  o . 4  o . 6  o . 6  9 9 i o  
Final supernatant 36 38 4 ° 39 4 z 45 

R e c o v e r y  (%)  89 88 90  90 89 91 

" H o m o g e n a t e  = IOO. 
"* A f t e r  a 4 8 - h  fast. 

The changes in the  distr ibution of protein in the  various cell fractions (Table II) 
reflect the same picture as those for amylase  act ivi ty .  

The results  of these studies present  no concIusive evidence regarding the  site of 
protein and  amylase  synthesis  in the  ra t -parotJd gland. The only fraction which 
showed an increase in amylase  ac t iv i ty  and protein content  were the mitochondria .  
However ,  this was also the  most  heterogeneous fraction and  contained small  zymogen 
granules  as well as large microsomes.  

F u r t h e r  exper iments  designed to determine  the intracellulax loci for protein 
synthesis  in general,  and  ~-amylase  format ion in particular,, were therefore carried out  

Biochim. Biophys.  Acta. 60  (I063)  8 5 - 9 6  
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by tagging the cell proteins ;~z ,-i-~. with isotopic amino acids, and following with time 
the labeling of proteins of the various cellular components.  

Incorporation of radioactive algal protein hydrolysate into proteins of cell fractions 
Fig. 2 shows the isotopic content of the cellular proteins at different t imes after 

the injection of [14C] amino acids. Init ial ly the highest specific ac t iv i tywas  found in the 
microsomes, which, however, leveled off after about  45 min. The cut'v'e of the mito- 
chondria rose linearly to a relat ively high peak at  45 min, and then declined. The 
zymogen granules, on the other  hand, exhibited a pronounced lag during the first 
I5 rain. The specific act ivi ty then rose very rapidly to equal that  of the mitochondria 
at  45 rain. This pronounced rise continued until  the end of the experiment.  The 
lowest radioactivities were in the nuclear and superna tant  fractions. 

More information on the incorporation of [HC] amino acids into proteins of the 
rat-parot id gland is given in Table III ,  which records variat ions with time in the total  
labeling of proteins of the various cell fractions. At 5 rain after injection of the algal 
protein hydrolysate,  the microsomal fraction contained 36 % of the total  counts, 
a l though this fraction comprises only io  % of the total  protein (Table II,  last column). 
At longer t ime intervals the laC content  of this fraction dropped rapidly. This decline 
reflects not only a decline in relative radioactivity,  but  also in the actual  to ta l  counts, 
which dropped from 2400 at 45 rain to 199o at I2o min, a l though the to ta l  l*C in the 
homogenate was still rising during the 45-I2o-min interval.  The zymogen and final 
supernatant  fractions, on the other hand, increased their  share of the total  in- 
corporation with time. 
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b'ig. 2. Va r i a t i ons  w i th  t ime  in the  specific r ad ioac t iv i t i e s  of p ro te ins  of r a t - p a r o t i d  cell f r ac t ions  
a f t e r  i~l vivo i n j ec t ion  of l iC- labeled algal  p ro t e in  h y d r o l y s a t e .  E a c h  t i m e  i n t e r v a l  r ep resen t s  
a pooled h o m o g e n a t e  f rom 4 rats .  t h a t  received a t o t a l  of  z9 t4C of l abe led  p ro t e in  h y d r o l y s a t e .  
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T A B L E  I I I  

T O T A L  L A B E L I N G  O F  P R O T E I N S  F R O M  C E L L  F R A C T I O N S  A T  D I F F E R E N T  

T I M E  I N T E R V A L S  A F T E R  i n  wiz~o I N J E C T I O N  O F  ~ 4 C - L A B E L E D  A L G A L  P R O T E I N  H Y D R O L Y S A T E  

T h e  v a l u e s  w e r e  o b t a i n e d  b y  m u l t i p l y i n g  t h e  specif ic  a c t i v i t i e s  in  Fig. z b y  t h e  w e i g h t s  of p r o t e i n ,  
d e t e r m i n e d  on  a l i q u o t s  of  t h e  r e s p e c t i v e  cell f r ac t ions .  T h e  r e su l t s  a r e  e x p r e s s e d  as p e r  c e n t  of  
c o u n t s  in  t h e  in i t i a l  h o m o g e n a t e .  T h e  l a t t e r  w e r e  I995,  0134, I 5 8 7 z  a n d  zT. 148 a t  5, 15, 45 a n d  

i 2 o  m i n  r e s p e c t i v e l y .  

I f a c t i o n  
Time after injection ( min) 

5 r 5  4.5 x2o 

N u c l e i  + z y m o g e n  g r a u u l e s  i i 14 13 12 
Z y m o g e n  g r a n u l e s  3 3-5 I o. 5 x 5.5 
M i t o c h o n d r i a  18 19 17 15 
M i c r o s o m  ~s 36 28 ~ 5 9.5 
Final s u p e r n a t a n t  23 24 34-5 36 

R e c o v e r y  (%) 9 r 88.5 90 88 

According to these results the microsomes differ from other cell camponents by 
their higher initial incorporative rates. Similar results were obtained by various 
workers with the pancreas 2*.se.av. The pronounced decline with time in the share of 
the total  incorporation into microsomes, and the rise in the labeling of the zymogen 
and supernatant  fractions is compatible with the concept of a transfer of newly 
synthesized labeled proteins from the microsomes, in a soluble form, to the zymosen 
granules. 

Incorporation of labeled algal protein hydrolysate into amylase of cell fractions 
To further clarify the situation encountered in the incorporation into total 

proteins described in the preceding section, and to evalua :e tL e relative importance of 
x-amylase production within the general process of protein s3.,-÷hesis by the rat- 
parotid gland, the incorporation of isotopic amino acids into x-amylase was compared 
with that  into total  proteins in the same experiments. 

T A B L E  IV 

SPECIFIC RADIOACTIVITY OF PURIFIED ~-A.~IYLASE AND OF TOTAL 
PROTEINS ISOLATFD FRO,*,! CELL FRACTIONS AT DIFFERENT TI.WtES IFTER in vivo INJECTION OF 

1 4 C - L A B E L E D  A L G A L  P R O T E I N  H Y D R O L Y S A ' £ E  

T h e  t i s sue  for  t h e  ! 5- a n d  I 2 o - m i n  t i m e  i n t e r v a l s  was  a c t u a l l y  d e r i v e d  f r o m  E x p t s .  A a n d  B, 
r e s p e c t i v e l y ,  of T a b l e  I. E a c h  g r o u p  of  r a t s  r e c e i v e d  a t o t a l  of I 3 o / t i c  oF !abe led  p r o t e i n  h y d r o l y s a t e .  
T h e  specif ic  r a d i o a c t i v i t y  of  t h e  t o t a l  p r o t e i n s  was  d e t e r m i n e d  on a l i q u o t s  of  e a c h  ceil  f r a c t i o n  

b e f o r e  t h e  p u r i f i c a t i o n  of a m y l a s e .  

Fraction 

A m y l ~  radio~tivity Total protdn r~iioactiviiy, 
(counts[rain/rag) (coun~slminlmg ) 

15 ra in  12o  rain z 5 m i ~  t ; to  mi t t  

W h o l e  h o m o g e n a t e  300 r z55 t4"8 483 
N u c l e i  + z y m o g e n  g r a n u l e s  26o I45o 13o 457 
Z y m o g e n  g r a n u l e s  x oo 2o4o ioo  858 
M i t o c h o n d r i a  8o 5 197o 276 55o 
i~t icrosomes 575 ° 2433 4 i o  4 73 
F i n a l  s u p e r n a t a n t  5oo I33o 8o 374 

B i o c h i m .  B i o p h y s . . d i c t a ,  69 (x963) 8 5 - 9 6  
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The results presented in Table IV demonstrate that  in all cell fractions at both 
time intervals studied (except in zymogen granules at I5 rain) the specific activity of 
amylase was by 2- 9 times higher than that  of the tot~,,l proteins. It  follows, therefore, 
that  a very active synthesis o f  amylase occurred in this system. I5 rain after ad- 
ministration of isotopic amino acids, amylase of the microsomes had a specific activity 
4-5 times higher than that  of the mitochondria, the next most active component. 
Amylase of the zymogen granules had the lowest specific activity. It  should be 
emphasized that  the specific radioactivity of the microsomes was most probably 
even higher than the recorded one, since the degree of purification of amylase achieved 
in this fraction at 15 rain was only about half that  achieved in any other cej1 con- 
sti tuent (see Table I). The specific activity of amylase of the soluble supernatant  was 
already quite high at I5 rain, while the total  protein of'this fraction had a very low 
14C concentration (see also Fig. 2). This high specific activity of soluble amylase can- 
not be at t r ibuted to contamination of the supernatant  phase by broken components 
of other cell fractions as suggested by HOKIN zS, since the zymogen granules in the 
present study had a much lower specific activity, while the mitochondria and micro- 
seines contained much less amylase than the soluble fraction (Table II). 

A twenty-fold increase in the specific activity of amylase in the zymogen granules 
was recorded after i2o rain, while in the other cell fractions orAy a moderate rise 
occurred. In the microsomes there was even a drop of more than  30 % in activity, 
although this fraction still had the highest specific amylase radioactivity. In the total 
proteins, the zymogen granules had the highest x4C cor, centration at 12o rain (see also 
Fig. 2). This was probably due to the vary high amylase content of this fraction. 

The Fronounced differences in the specific radioactivity of amylase in t~ e dif- 
ferent cell fractions might be due in part  to dilution of the newly synthesized labeled 
amylase with the pool of non-labeled enzyme present in each component. As is shown 
in Table II, this pool was quite large in the soluble supernatant  and zymogen fractions, 
and almost non-existant in the microsomes. Hence, dilution could significantly lower 

T A B L E  V 

TOTAL 14C OF PURIFIED ~-AMYLASE ISOLATED FROM CELL FRACTIONS 
AT DIFFERENT TIMES AFTEt~ INJECTION OF LABELED PROTEIN HYDROLYSATE 

T h e  f i g u r e s  w e r e  c a l c u l a t e d  b y  m u l t i p l y i n g  t h e  s p e c i f i c  r ~ d i o a c t i v i t y  v a l u e s  in  T a b l e  I V  b y  a m y l a s e  
p r o t e i n  c o n t e n t  d e t e r m i n e d  o n  t h e  b a s i s  o f  p e r c e n t  r e c o v e r y  o f  a m y l a s e  d u r i n g  p u r i f i c a t i o n ,  a s  

g i v e n  i n  T a b l e  I .  

Time after injection (rain) 

Fract ion • 5 ~ zo 

C P M  % C P 3 I  % 

H o m o g e n a t e *  7 0 3 4  1oo  32 765 xoo 

N u c l e i  + z y m o g e n  g r a n u l e s  1 i 3 7  i 6  5 963  x8 
Z y m o g e n  g r a n u l e s  4 7 9  7 7 3 0 0  22 
M i t o c h o n d r i a  693 I o  3 533 I I 
M i c r o s o r t t e s  612 9 4 I 6  t 
F i n a l  s u p e r n a t a n t  4 o 5  ° 57 x4 74 ° 45 

R e c o v e r y  697  t 9 9  31 952  9 7  

" T h e  c o u n t s  i n c o r p o r a t e d  i n t o  t o t a l  p r o t e i n  in  t h e  w h o l e  h o m o g e n a t e  w e r e  3 5 9 6 4  a n d  x 3 o 4 t o  
c o u n t s l m i n  a t  x 5 a n d  i 2 o  r a in  r e s p e c t i v e l y .  

B i o c h i m .  B i o p h y s .  A c t a ,  6 9  (1963)  85--9(~ 
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t h e  specific ac t iv i ty  of amylase  of the  first two  fract ions,  while in the  microsomes  no 
serious d i lu t ion  migh t  t a k e  place.  To clar i fy  th is  point ,  t he  to t a l  i sotope incorpora t ed  
in to  amyla se  of each cell f ract ion was  ca lcu la ted  a n d  recorded  in Tab le  V. Since the  
recovery  of purif ied amylase  r anged  be tween  66 to  95 % (Table I), t he  ca lcu la ted  
figures are qu i te  r ep resen ta t ive .  I t  is ev iden t  t h a t  even  the  to t a l  counts  inco rpora t ed  
in to  the  amylase  of the  zymogen  f rac t ion a t  x5 min  were less t h a n  those  incorpora ted  
in to  the  microsomes.  A t  shor te r  t ime  in te rva l s  t h e  difference migh t  be even more  
p r o n o u n c e d  as is sugges ted  by  Fig. 2 a n d  Tab le  I I I .  

Af te r  t he  first I5  rain, however ,  the  zymogen  granules  a c c u m u l a t e d  counts  very  
r ap id ly  while t h e  microsomes  were losing counts .  This  m a y  ind ica te  t h a t  t h e  
microsomes  d id  n o t  a c c u m u l a t e  t h e  newly  syn thes ized  amylase ,  bu t  released it im- 
media te ly .  This  r ap id  release was  also ind ica ted  by  the  u n c h a n g i n g  low level of en- 
zyme  ac t i v i t y  found  in th is  f ract ion a t  different  s tages  of t h e  secre tory  cycle (Table I I). 
T h e  same low level  was  found  a t  all the  t ime  in t e rva l s  s tud ied  in this ,  and  in the  pre- 
ceding  exper imen t .  Because  of the  r ap id  release of newly  syn thes ized  amylase  from 
t h e  microsomes ,  the i r  t o t a l  r ad ioac t iv i ty  a t  each  t i m e  in t e rva l  s t ud i ed  need  no t  have  
ref lected t h e  t o t a l  a m o u n t  of e n z y m e  syn thes ized  by  t h e m ,  b u t  mere ly  the  smal l  
m o u n t  which  was  n o t  ye t  re leased.  

The  resu l t s  s u m m a r i z e d  in Tab le  V also d e m o n s t r a t e  t h a t  amylase  was  no t  only  
ac t ive ly  syn thes ized  in the  r a t -pa ro t id  gland~ b u t  also compr i sed  a r a t h e r  large f rac t ion 
of t h e  t o t a l  newly  syn thes ized  pro te ins  in th i s  sys t em,  s ince be tween  i 9 - 2 5  % of the  
coun t s  i nco rpo ra t ed  in to  t h e  p ro te ins  of t h e  whole h o m o g e n a t e  were  accoun ted  for by  
a4C inco rpo ra t ed  in to  amylase .  

DISCUSSION 

Changes  in t h e  in t race l lu la r  d i s t r ibu t ion  of d iges t ive  e n z y m e s  in the  panc reas  of 
var ious  an ima l s  du r ing  a secre tory  cycle were s t u d i e d  b y  Sm~J~VITZ AND PaLADE~S, 2s 
wi th  t r yps in -ac t i va t ab l e  p ro teases  (i.e. t ryps inogen ,  c h y m o t r y p s i n o g e n  and  pro- 
ca rboxy-pep t idase )  a n d  r ibonuclease ,  a n d  by  LAIRD AND BARTONV, ~a wi th  amylase .  
B o t h  groups  found  a r a t h e r  high enzs~ne con ten t  in the  microsomes  of s t a r v e d  animals ,  
a n d  obse rved  t h a t  t h e  concentra tk~n rose s ignif icantly a f t e r  t h e  induc t ion  of secre t ion 
b y  food or pi locarpine.  On the  basis  of the i r  findings, t h e y  sugges ted  t h a t  new enzyme  
pro te in  was  syn thes ized  in associat ion wi th  microsomes.  

Our  resul ts  show t h a t  ve ry  l i t t le  amylo ly t ic  ac t iv i ty  was  p re sen t  in the  microsomes  
of fas ted  ra t s  a n d  t h a t  th is  level did  n o t  change  m a r k e d l y  dur ing  a comple te  secre tory  
cycle. Low amylase  a c t i v i t y  in t he  mic rosomal  f ract ion was  also r epo r t ed  by  HOKIN ~ 
in panc rea s  of fas ted  dogs, and  b y  DALV, ALLFREY AND blmSKV a° in mouse  pancreas .  
The  discrepancies  in t h e  a m o u n t s  of enzyme  r epo r t ed  in microsomes  of d iges t ive  
g lands  were  found  no t  to  be due  to  differences in t h e  nu t r i t i ve  s t a t e  of t h e  animals .  
N e i t h e r  can  t h e y  be a t t r i b u t e d  to  differences in f rac t iona t ion  t echn ique ,  n o r  to  the  use 
of different  sucrose concen t r a t i ons  (o.25 or  o.88 M), since wi th  o.z5 hi, bo th  high'a,  a~ 
a n d  low~S, no amylase  con ten t s  of pancrea t i c  microsomes  were repor ted .  The  mos t  
a t t r a c t i v e  exp l ana t i on  of t h e  observed  discrepancies  seems  to  lie in species or organ 
differences in t he  r a t e  of in t race l lu la r  release a n d  t r a n s p o r t  of the digest ive  enzymes .  
I f  t he  e n z y m e s  are  a s s u m e d  to  be syn thes ized  in t h e  microsomes,  a slow ra te  of release 
w o u l d  i m p l y  a h igh  e n z y m e  con ten t  in this f ract ion,  a n d  a rise in i ts  concen t ra t ion  

Biockim. Biophys. Aaa,  69 (i963) 85---96 
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during a period of active synthesis. With a rapid rate of release, on the other  hand,  
a low enzyme content  and no significant change during synthesis  should be found in the 
microsomes. Also, if the rate of t ranspor t  of the enzymes to the zymogen granules is 
slower than  the rate of Ielease from the microsomes, there might appear  a t rans ient  
high enzyme content  in the soluble superna tant .  

This may be the case in the rat -parot id  gland. The results of labeling the proteins 
in general, and amylase in particular,  in each cell fraction a t  different t ime intervals,  
are entirely compatible with the hypothesis tha t  the microsomes are the  site of 
synthesis of ~-amylase and of the total  proteins of this system. However, on the basis 
of the enzymic as well as x4C-labeling results, it is most probable t ha t  the  newly 
synthesized amylase does not  accumulate  in the microsomes, but  is very rapidly 
released from this fraction to the soluble phase of the  cell, and subsequently t ransferred 
to the zymogen granules, where it is concentrated and stored. 

Similar studies were recently reported with chymotrypsinogen of g~ainea-pig 
pancreas 32 and ribonuclease of mouse pancreas 23. In both cases only specific radio- 
activities of the isolated enzymes were reported, since no quant i ta t ive  recovery of the  
enzymes was a t tempted.  These results were therefore not corrected for any  dilution 
by non-radioactive enzyme pools. Nevertheless  both investigations implicate the 
microsomes as the sites of biosynthesis of the pancreat ic  proteins. These enzymes did, 
however, accumulate  to a ra ther  large ex tent  in the microsomal fraction, and only a 
comparat ively small portion was released and transferred to other  cell fractions 
during the time intervals  studied. 
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NRRL Y- 1842 PH0SBHOMANNAN 
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SUMMARY 

IX- and trisaccharide phosphomonoesters have been isolated after mild acid hydrolysis 
of the phosphomannan produced by Hu~se&ra c~fis&Az NRRL Y-1842. Periodate 
oxidation studies on both the oligosaccharide phosphates and the intact polymer have 
served to elucidate further the polyphosphodiester structure. The disaccharide ester 
has been characterized as 2-0-(6-O-phosphoryl-~-~-marmopyranosyl)-~-mannose ; the 
trismlmide ester appears to contain an additional mannosyl residue a-r,z-linked 
to the phosphorylated moiety of the disaccharide. The biosynthetic implications of 
these findings are discussed. 

INTRODUCTION 

Among the phosphorylated mannose polymersr produced by yeasts of HUBS~B& and 
related genera, the produced by W. c~@sz&zti strains are the most highly phospho- 
rylateds. The latter polymers are further distinguished by their low or negative optical 
.rotati&s, indicating the presence of mannosidic linkages of the @-cor&guration~. 

.Rwious works on the phosphate linkages in phosphomannans has shown that 
these extra&Mar polymers are polyphosphodiesters containing the ar-I#-phosphate+ 
‘w bridge between mannose units as a characteristic structural feature. Also, mild 
‘ ‘,Y. _* This k a k&oratory of the Northern Utilization Research aud Devebpmeut Division, A@- 
k- l&&w& Servb& U.S. Department of Agriculture. 


