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SUMMARY 

Microsomal fractions isolated from rat parotid and submaxillary glands readily 
demonstrate ATP-dependent calcium uptake. Concentrations of inhibitors which coln- 
pletely block calcium uptake in mitochondria do not appreciably inhibit calcium 
uptake in the gland microsomes. Ouabain at o.I mM concentration does not inhit)it 
calcium uptake in gland microsomes. The reaction shows a high degree of specificity 
for ATP as the nucleoside triphosphate which has a Km of 2o/~M. The rate of calcium 
uptake per nag protein in the mierosomal fraction is 25 3o nmoles per rain at 3o:: 
and calcium storing capacity is 2.75 #moles per mg protein. The indications that the 
microsomal vesicles are derived from the (;olgi complex and the possible functi~ms 
of calcium in this structure are discussed. 

INTRODUCTION 

Rat salivary glands contain a high concentration of calcium relative to other 
soft tissues 1,2. Considerable movement of calcium, to and from the salivary glands, 
takes place in response to various stinmlants a. It has also been demonstrated that 
a number of gland preparations require calcium for the process of secretion which is 
induced by specific hormones <'~. There is, however, little if any information on the 
subcellular structures participating in calcium transport in gland systems and the 
role of calcium in the secretory process is completely unknown 6. 

The present conmmnication describes a microsomal fraction from rat parotid 
gland which readily demonstrates ATP-dependent calcium uptake. A similar activity 
is also present in the submaxillary glands. The characteristics of calcium uptake by 
the salvary gland fraction differ from those of mitochondria and muscle microsomes. 
Tim possible role of calcium in the secretory process in glands is discussed. 

METHODS 

Preparation of subcdlular fractions 
Rat parotid gland homogenates were prepared essentially as described by 

SCHRAMM A~<D DANOY 7 with the following modifications. Glands were collected and 
homogenized in a sucrose medium containing o.3 M sucrose adjusted to pH 7-5 with 
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NaoCO a and I/~g/ml of diphenyl-p-phenylene diamine. A scheme of the isolation 
procedure is given in Fig. I. Unless otherwise indicated all the experiments reported 
in this communication were conducted on Fraction P4- The various fractions were 
suspended in the homogenization medium at a concentration of 3-5 mg/ml and were 
kept frozen at - 6 o  ° for a maximal period of 14 days. 

Measurement  of  calcium accumulation 
4aCa uptake was measured with the aid of a ~illipore filtration technique de- 

scribed by M~ARTONOSI AND FERETOS 8 for muscle microsomes. The assay system con- 
tained the following compounds: imidazole chloride buffer (pH 7.o), 5 raM; ATP, 
I raM; phosphoenolpyruvate, 4 raM; MgC12, 5 raM; KC1, IOO raM; oxalate, 5 raM; 
pyruvate  kinase (EC 2.7.I.4o ), 60 #g/ml; 45CaC12, 2o-Ioo/~M. The reaction was ini- 
tiated bv tile addition of the gland fraction to be tested, 25 300/~g protein per ml 
of assay system, and was terminated by filtration on a Millipore filter. Type HA filters 
with an average pore diameter of 0.45 p were used and the amount of calcium uptake 
was calculated from the difference in radioactivity of the original solution and the 
particle-free filtrate. Radioactivity was measured in a liquid scintillation spectrometer 
using the scintillation solution described by BRAY 9. 

Assay  of enzymes 
Nucleoside triphosphate phosphatase was determined as previously described lo. 

Succinate dehydrogenase (EC 2.3.99.I) was measured according to GREEN el al. 11 and 
5'-nucleotidase (EC 3. 1.3.5) wasdetermined as described byWmNELL A~D UXKELESS ~2. 

X a '  K+-stimulated A T P a s e  
Liberation of inorganic phosphate from ATP was measured at 3 °° in the 

presence and absence of both IOO mM Na + and 5 mlV[ K+. The increment in ATPase 
activity caused by the presence of Na + and K + was taken as the Na+-K+-ATPase 
activity. 

Proh'in determination 
The method of LOWRY et al. la was used with crystalline bovine serum albumin 

as standard. 

Materials 
ATP, GTP and UTP were obtained from P-L Laboratories, CTP and ITP were 

products of Waldhoff. 3',5'-Cyclic AMP, dibutyryl  3',5'-cyclic AMP and pyruvate  
kinase were products of Boehringer Co. Monobutyryl 3',5'-cyclic AMP was prepared 
by alkaline hydrolysis of dibutyryl cyclic AMP 14. Phosphoenolpyruvate was synthe- 
sized according to the methods described by CLARK AND KIRBY 18 and was converted 
to the potassium salt before use. Oligomycin was a product of Sigma. 

RESULTS 

Calcium accumulation in rat parotid subcellular fractions 
Calcium uptake and succinate dehydrogenasewere both measured on the various 

subcellular fractions. I t  is shown that  these two activities are distributed differently 
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among the various fractions (Table I). The highest calcium accumulat ion act ivi ty  is 
obta ined in the microsomal fractions sedimented at zooooo > g for 6o rain whereas 
the highest succinate dehydrogenase act ivi ty  is located mainly  in the fractions sedi- 
mented  at ioooo ~ g for io inin. Since succinate dehydrogenase is confined to mito- 
chondria it is evident  tha t  the calcium uptake resides mainly  in nnn-mitochondr ia l  
fractions, lrurthermore,  when microsomes are removed from the mitochondrial  
fraction P '3 by resuspension and subsequent  centr i fugat ion at 5ooo ~ g for i() rain 
only a very low act ivi ty  of calcium uptake remains. Indeed mitochondria  isolated 
from rat  parotid gland in the absence of chelators are seriously damaged (H. FEINSTI,:IN 
.~XD M. SCm~AMM, to be published). Thus the calcium accunmlat ion  shown f~r un- 
purified fractions sedimented at zoooo :< g (see "fable I) is probably not a mit(whon- 
drial activity.  The subcellular fractions suspended in the sucrose medium could be 
frozen once and still preserve their activity.  When frozen in sucrose medium and 
stored at - 2 o : '  for one week tile microsomes loose about  5 ° ° o of their calcium uptake  
act ivi ty.  Freezing in isotonic salt media caused complete loss of activity.  

TABLE i 

D I S T R I B U T I O N  OF C A L C I U M  U P T A K E  A N D  S U C C I N A T E  D E H Y D R O G E N A S E  A(TFIVITIES IN SUBCELLULAI-~  

F R A C T I O N S  OF RAT P A R O T I D  A N D  S U B M A X I L L A R Y  G L A N D S  

Calcium uptake and succinate dehydrogenase were measured on freshly prepared subcellular 
fractions as described under METHODS. The preparation of subcellular fractions is outlined in trig. T. 

Subcelhtlar 
fraclions 

5"uccinate 
dehydrogenase 
in parotid gland 
(mequiv 
electrons/rain 
per mg protein) 

Calcium uptake in parotid gland Calcium uplakc in 
. . . .  submaxillary gland," 

Specific activily Total activi@ specific aclivi O' 
(m~wlcs/min (°,' o (,f komogenate) (nmolcs/mi~ 
per mg protei11) per mg prote~ll 

P'3 375 , _, 0.8 8.8 
P'4 3 ° Lt 4 t).° 9.4 
P3 2 lo ~; ().(~ 6.0 
P-t 32 25 22.0 13.0 

Similar activities were found in fractions of rat  submaxi l lary  gland prepared 
by the procedure shown in Fig. I. The dis t r ibut ion of cah'ium accumulat ion ac t iv i ty  
in submaxi l lary  gland is shown in Table I. 

K i n d i c  parameters o f  calcium accumulat ion 
"File course of calcium accumulat ion shows l inear relationship with time (Fig. 2) 

and with tile amoun t  of membrane  protein in the range of 25 -3oo #g protein per ml. 
It  is noted tha t  tim curve connecting tile experimental  points at different t ime inter- 
vals does not  intersect with the origin. This fact might  be due to a very fast adsorption 
or exchange with unlabeled calcium in tile membranes.  Tile rate of calcium accumu- 
lat ion 1) 3" tile most  active parotid gland membrane  fraction is 25 3 o nmoles calcium 
accunmlated per rain per mg protein at 3 ° . Calcium precipi ta t ing anions greatly 
promote calcium uptake (cf. ref. I0). Oxalate at 5 mM concentra t ion or phosphate 
at zo mM concentra t ion are about  equally effective (Fig. 2). Calcium accumulat ion 
in the absence of calcium precipi tat ing anions is measured under  condit ions where 
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ATP splitting yielded less than I mM Pi. At this concentration Pi has essentially no 
effect on calcium uptake '7. Calcium storing capacity in the presence of oxalate is 
2.75 #moles per mg protein (Fig. 3).This value is about half that  reported by HASSEL- 
BACH '6 for purified muscle microsomes. 

Under optimal conditions the parotid gland microsomes reduce the free cah'ium 
to a concentration of about 0.5 yM. 

I 
F 

Ppt Rehomogenized 2rain in 
(P2}1/5 Homogenate VoLume 

I 104g, 10rain 

Ppt Sup 
(P3) 10 5 g,6Omm 

Ppt Sup 
(P4) 

Rat Porotid Homogenote 

250g, 5min 

I q 
Ppt Suspended in 1]3 Sup1 

(P1) Homogenate VoLume L 103g' 10rain 
250g,5min 

Sup Combined Sup Ppt 
wi th  S u p 1  t04g,10mln (p~) 

I I Sup Ppt 
105g,50min (P~) 

I I 
Sup Ppt 

IPt) 

l:ig. 1. Scheme for p r epa ra t i on  of subcel lu lar  f rac t ions  from ra t  pa ro t i d  g land homogena te .  The 
homogen iza t ion  procedure  and the  compos i t ion  of homogen iza t ion  m e d i u m  are descr ibed nnder  
M E T H O D S .  
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Fig. 2. ];he effect of anions  on t i m e  course of ca lc ium accumula t ion .  Calc ium u p t a k e  was measured  
in the  s t a n d a r d  assay  for ca lc ium accu lnu la t ion .  O - O,  oxa la t e  5 raM; O-- 0 ,  oxa la t e  replaced 
by  phospha te  io inM. 4SCaC1,_, concen t ra t ion  was ioo  MM, m e m b r a n e  pro te in  was 5 ° yg /ml .  
z2- / . ,  oxa l a t e  omi t t ed ,  4sCaC12 concen t ra t ion  was  2o [~M, m e m b r a n e  pro te in  was 3oo Mg/ml. 

t:ig. 3. Ca lc ium s tor ing  c a p a c i t y  of r a t  pa r o t i d  microsomes.  Calc ium accmnu la t i on  was measured  
under  s t a n d a r d  condi t ions  for ca lc ium up take .  4aCaC12 concen t r a t ion  Ioo pM, m e m b r a n e  p ro te in  
was 25 I~g/ml. Aliquots  were t a k e n  for Mil l ipore f i l t ra t ion a t  i n t e rva l s  and  the  m a x i m a l  ca lc ium 
s tor ing  c a p a c i t y  was ca lcu la ted  af ter  a s t eady  s t a t e  was reached.  
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Nuclcoside lriphosphate specificity of the calcium accumulation reactio~z 
Calcium accumula t ion  shows a high degree of specifici ty for ATP among the 

various nucleoside t r iphospha tes  tes ted  (Table II) .  Succinate  which readi ly  suppor t s  
calcium up take  in mi tochondr ia  did  not  replace ATP in the pa ro t id  system. When  
GTP or CTP in add i t ion  to ATP were included in the calcium aecunmla t ion  assay at  
a concent ra t ion  which was ten t imes tha t  of ATP no inh ib i tory  effect on calc ium 
accumula t ion  was observed.  Thus calcium accumula t ion  was nei ther  suppor t ed  nor  

"]'A lq~E 11 

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

Calc ium u p t a k e  was measured  in the  s t a n d a r d  assay  for ca lc iuln  accumul a t i on  excep t  t h a t  the 
ATP regenera t ion  sys t em was omi t t ed .  \Vhen i nd i ca t ed  ATP was  replaced by the  cor responding  
nncleoside  t r i p h o s p h a t e  a t  r mM concen t ra t ion  or by  20 mM succinate ,  tSCaCla concen t ra t ion  
was 50/IM,  m e m b r a n e  pro te in  was 85 pg/ml and the  reac t ion  t ime  was L 5 min.  Calcium u p t a k e  
is expressed  as percent  of the  a c t i v i t y  in the  presence of ATP. 

,\'ztc/colide Calcium uptake 
(% ~{f control) 

AT 1 ' ~ o o  

C'I'I '  lo 
GTI '  I I 
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Fig. 4- L i n e w e a v e r - B u r k  p lo t  for ATP in the ca lc ium a c cumul a t i on  react ion.  I n c u b a t i o n  condi t ions  
were as descr ibed under  METHODS excep t  for v a r y i n g  the  concen t ra t ion  of ATP. 45CAC12 concen- 
t r a t i on  was 5o ItM, m e m b r a n e  pro te in  was ioo /~g/ml .  

Fig.  5. The influence of m a g n e s i u m  on the  inh ib i t ion  of ca lc ium u p t a k e  by  NaF.  Calcium u p t a k e  
was measured  in  the  s t a n d a r d  assay  for ca lc ium a c c umul a t i on  c o n t a i n i n g  the  concen t ra t ion  of 
MgC12 ind ica t ed  on the  abscissa.  O - - O ,  s t a n d a r d  assay  for ca lc ium uptake .  A - - A ,  s t a n d a r d  
assav  for ca lc ium u p t a k e  plus io  mM NaF.  
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inhibited bv GTP or CTP. Plotting the reciprocal values of ATP concentration and 
the rate of calcium uptake gave a Michaelis constant of 2. io a M for ATP in the 
calcium accumulation reaction (Fig. 4). This value was IO times lower than the Km 
for ATP and other nucleoside triphosphates obtained by measuring the rate of liber- 
ation of inorganic phosphate. The discrepancy between the Km for ATP measured 
by calcium accumulation and the Km measured by ATP splitting probably reflects 
the existence of more than one type of ATPase in the preparation. Furthermore the 
preparation contained a high activity of an unspecific nucleoside triphosphatase. All 
nucleoside triphosphates shown in Table I I  were hydrolyzed at a rate of o.5--o. 7/mlole 
per rain per mg protein at 3 o°. Because of the high unspecific ATP hydrolysis the 
stoichiometrv between calcium uptake and ATP splitting could not be studied. 

The rat parotid preparation was found to contain a highly active Na+ K+- 
ATPase. The possible participation of this enzyme in calcium uptake was tested. As 
shown in Table I I I  calcium accumulation proceeded readily under conditions of com- 
plete inhibition of the Na+-K+-ATPase by ouabain. 

Effect of various inhibitors on calcium accumulation 
The extent of inhibition by various compounds is shown in Table III .  Dinitro- 

phenol inhibited calcium accumulation only slightly at a concentration at which this 
inhibitor completely blocks calcium uptake in mitoehondria :8. Oligomycin which 
inhibits ATP-driven calcium uptake in mitocfiondria inhibits ATP-dependent calcium 
uptake in parotid microsomes to a much smaller extent (cf. ref. :8). Azide, which at 
a concentration of 5 mM completely inhibited calcium uptake by mitochondria, had 
no effect on calcium accumulation by the parotid preparation. Fluoride which forms 
complexes with several metal-dependent enzymes inhibited calcium accumulation in 
the parotid system. As can be seen from Fig. 5 the inhibition by fluoride was influenced 

T A B L E  I I I  

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

The ind ica t ed  concen t ra t ions  of inh ib i to r s  were inc luded  it: the  s t a n d a r d  assay for ca lc ium u p t a k e  
and the  a m o u n t  of ca lc ium t a k e n  up was measured  af ter  3 ° rain. 45CaCle concen t ra t ion  was 5 ° pM, 
m e m b r a n e  p ro te in  was 95 / ,g/ml.  

Additions Calcium uptake Inhibition 
(nmoleslmin (% of control) 
per mg protein) 

None 24 o 
2 ,4-Din i t rophenol  (o.i mM) 25 o 
2 ,4-Din i t rophenol  (0. 5 mM) i6  36 
Azide (5 raM) 24 o 
Oligomycin (io/*g/mg prote in)  24 o 
Ol igomycin  (50/*g/rag prote in)  19 23 
Sa lygran  ( i .o  raM) i 95 
Ouaba in*  (o. i mM) 23 5 

* Ouaba in  does no t  i nh ib i t  N a + - K + - A T P a s e  a t  the  h igh  I(C1 concen t r a t ion  usua l ly  employed  
in the  ca lc ium accum ula t i on  assay.  Therefore  the  compos i t ion  of the  reac t ion  m i x t u r e  was modif ied 
to  con ta in  KCI, 5 mM and  NaC1, ioo  raM. All o ther  componen t s  were those  of the  s t a n d a r d  
ca lc ium u p t a k e  assay.  Under  these cond i t ions  o. I mM ouaba in  comple te ly  inh ib i t s  the  Na  +- 1,2 +- 
s t i m u l a t e d  ATPase.  
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by the magnesium concentrat ion suggesting a magnesium fluorot)host)hate as the 
active inhibi tory compound.  

"I'A 13Lt': IV 

S U B F I { A C T I O N A T I O N  O1." T H E  M1CI{OSOMFS 

I:raction P4 was suspended in concentrate(l sucrose solution at pH 7.5 (Na2C()a) to give a final 
sucrose concentration of [.0 3[. I ml of 0. 3 M sucrose was carefully layered on top of 4 ml of 
the above suspension. Centrifugation for Oo rain in the S\V39 rotor at I73 ooo ~ g yielded a floating 
upper fraction and a lower sedimented fraction. The fractions were assayed for calcium uptake, 
5'-nucleotidase activity and protein content. 

Fracti,,;t Calcie~m uplakc 5'-A:tfcleolidase aclivi O' 

1 ;ppcr fraction 
Lower fraction 
Unfractiotmted 1>4 

(**m,,lcs/min (ltmoles/mg protein 
per mg pro/,'in) per 30 rain) 

1 7 [ o . !  

3.5 z.5 
,3 4.-' 

Pur(ficatio~ of  the structural com/)oncnt involved i~l calcium uptake 
Fract ion P4 was resolved into two fractions bv flotation in 1.6 M sucrose (@ 

ref. Iq). It  is shown in Table IX" that  the upper  fraction has a specific act ivi ty  of 
calcium uptake which is five t imes higher than  that  of the lower fraction. The pro- 
cedure seems to cause some inact iva t ion  of calcium uptake ac t iv i ty  since purification 
over the original P4 fraction is only slight. The enzyme 5'-nucleotidase was also found 
to be enriched in the upper  fraction. Electronmicroscopical studies which will be 
publislmd elsewhere show tha t  the upper  fraction contains mainly  smooth membrane  
vesicles while the lower fraction consists of rough microsomes. 

I ) I S C U S S I O N  

To date there is little infornlat ion about  non-mitochondr ia l  calcium pumps 
apart  from that  of muscle endoplasmic reticulum. The present paper describes for 
the first t ime the existence of a non-mitochondria!  calcium pump in subcellular par- 
ticles of exocrine glands. Two major  lines of evidence indeed show that  the calcium 
pump of the parot id fraction does not  reside in the mitochondria.  The dis t r ibut ion 
of calcium accumulat ion in various subcellular fractions was quite different from that  
of succinate dehydrogenase which served as a marker  for the mitochondria.  Also a 
number  of inhibi tors  of calcium uptake  in mitochondria  were found to be either in- 
active or much less effective in the parotid system. 

The properties of the parotid calcium pump differ from the well known calcium 
pump of muscle in the following aspects. Calcium accunmlat ion  is much slower in 
the parotid system than  in muscle microsomes. I t  is not  very likely tha t  the sh)wer 
rate of calcium uptake in parotid is due solely to contamina t ion  by inact ive  mem- 
branes since the maximal  calcium storing capacity of the parotid preparat ion is almost 
as high as tha t  of the muscle nficrosomes. Although the affinity for calcium seems 
to be lower in the parotid system than in nmscle, it is quite considerable, since the 
free caMum concentra t ion can be reduced to 5" I o 7 M. The salivary gland preparat ion 
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differs also from the muscle calcium pump in that the former shows a nmch higher 
specificity for ATP. In addition the two pump systems differ markedly with respect 
to stability towards freezing and thawing. More than one thawing completely in- 
activated the parotid calcium pump. 

The present data do not permit a final identification of the cellular structure 
which demonstrates calcium uptake. However, there is good indication that this 
activity is localized in smooth membranes of the Golgi complex. Most of the calcium 
uptake activity was found in the microsomal fraction. When this fraction was sub- 
jected to eentrifugation in L6 M sucrose the active structures were caused to float. 
Both our preliminary electronmicroscopical studies as well as previous work on other 
tissues ='° indicated that the floating fraction is composed predominantly of smooth 
membrane vesicles. It is not very likely that the fraction contains large amounts of 
plasma membranes since these are probably removed by sedimentation at a low 
centrifugal force ~9. The only other smooth cellular membranes present in considerable 
amounts in the parotid gland belong to the Golgi complex (@ ref. 2I). 

The finding of a calcium pump in the parotid gland and submaxillary gland 
readily explains the high calcium concentrations present in these tissues (DREISBACH j 
and H. IgEINSTEIN ANt) M. S C H R A M M ,  to be published). There are two phases in the 
function of the secreting cell in which calcium might participate. A number of reports 
indicate that calcium is somehow involved in the phase of enzyme secretion 4,a. 
('alcium might also be involved in packing the proteins to be secreted within the 
zymogen granules 2' by forming a concentrated calcium protein complex. The latter 
posAbility is quite appealing since the granules are formed in the Golgi complex which 
may also be the location of the calcium pump. 
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