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Summary 

The characterization and localization of a Ca2+-ATPase (ATP phospho- 
hydrolase, EC 3.6.1.3) in the tooth germ of the porcine fetus axe reported. This 
enzyme, a microsome fraction, is preferentially activated by Ca 2÷. In the pres- 
ence of  0.5 mM ATP, maximal enzyme activity is obtained at 0.5--1.0 mM 
CaCl:. The maximal rate of  ATP hydrolysis is approx. 20 pmol per h per mg of 
protein as the enzyme preparation is used here. At optimal Ca 2+ concentration, 
the Mg 2÷ has an inhibitory effect. The enzyme does not require Na ÷ or/and K ÷ 
for activation by Ca 2÷. Other nucleotide triphosphates may serve as the sub- 
strate, but V for ATP is the highest. The K m for ATP is 8.85 • 10 -s M. The 
optimal pH for Ca 2÷ activation of the enzyme lies around 9.2. Well known 
inhibitors of (Na ÷ + K*)-ATPase, mitochondria ATPase and Ca2÷-ATPase in the 
erythrocyte  do not  inhibit the enzyme. In the subcellular order the enzyme 
may be assumed to be localized in the smooth endoplasmic reticulum fraction 
containing cell and Golgi body membrane fragments and in the tissue order in 
the enamel organ containing an ameloblast layer, stratum intermedium and 
stellate reticulum. 

Introduct ion 

Ca2+-activated ATPase (ATP phosphohydrolase, EC 3.6.1.3) has been 
shown to be part of  the sy~stem which transports calcium into sarcoplasmic 
reticulum [1--4].  Other types of Ca 2÷- and Mg:÷-stimulated ATPase have been 
known to be distributed widely in various tissues which are involved in calcium 
transport, reabsorption and excretion [5--9].  These enzymes are believed to 
play a role in the transport of Ca 2÷ and Mg 2+. Divalent cation-dependent 
ATPase is further known to be detected in the microsome fraction of  rat liver 

Abbreviation: EGTA, ethyleneglycolobis-(~-aminoethylether)-N,N'.tetraacetic acid.  
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[10] which does not seem to be responsible for active Ca 2÷ and/or Mg 2÷ trans- 
port. In an at tempt  to elucidate biochemical events concerning the tooth calci- 
fication, we investigated the Ca 2÷ and Mg 2÷ stimulation of an ATPase in the 
microsome fraction isolated from calcifying tooth germ. We established that  an 
ATPase which is stimulated by Ca 2÷ is present. This paper describes the charac- 
terization and localization of this ATPase. 

Materials and Methods 

Materials and chemicals. ATP and other nucleotides were purchased from 
Sigma; ruthenium red from Chroma Gesellschaft Schmid and Co; p-nitro- 
phenylphosphate from Nakarai Chemicals, KK; EDTA and ethyleneglycol-bis- 
(~-aminoethylether)-N,N'-tetraacetic acid (EGTA) from Dogin Chemicals Labo- 
ratories Inc. Milk tooth germs of porcine fetus (crown-rump length 12--18 cm) 
were removed and stored at --20°C until the experiments were carried out. 
[~/-32p]ATP was prepared by the method of Glynn and Chappell [11] and 
purified by column chromatography on Dowex l-X8. [2,8-3H] ATP was pur- 
chased from New England Nuclear. 

Subcellular fractionation and washing the microsome with EDTA. Milk 
tooth  germ was homogenized with 9 volumes of Buffer A (0.25 M sucrose, 10 
mM Tris • HC1, pH 7.4) in a Potter homogenizer fitted with a teflon pestle. The 
calcified portion of the tooth germ sedimented to the bot tom and the super- 
natant  was subjected to differential centrifugation by the method used for rat 
liver subcellular fractionation [ 12]. After cell debris and nuclei were eliminated 
by centrifugation at 900 × g for 10 min, three successive centrifugations were 
performed at 5000 × g for 10 min, at 8000 × g for 20 min and at 100 000 × g 
for 60 rain, resulting in the sedimentation of mitochondria, lysosomes and 
microsomes, respectively. Each subcellular fraction was washed once with Buf- 
fer A. Finally the washed fraction were resuspended in the same buffer. The 
100 000 × g supernatant was utilized as the soluble fraction. 

The microsome fraction was washed by suspending Buffer A containing 
10 mM EDTA (disodium salt) and precipitated by centrifugation at 100 000 × 
g for 60 min. This procedure was repeated twice. To remove EDTA the washed 
microsome was suspended with Buffer A and precipitated. This pellet was 
suspended with a small volume of Buffer A and used in the present experiments 
as the Ca2+-ATPase enzyme preparation. 

Enzyme assay. ATPase activity was assayed by measurement of 32pi re- 
leased from [7 -32p] ATP or Pi liberated from ATP, The former assay method 
was performed essentially as described by Conway and Lipmann [13].  The 
standard reaction mixture contained the following components in 0.1 ml: 50 
mM Tris/maleate, pH 7.0, 1 mM CaC12, 5.5 pg protein of enzyme preparation 
and 0.5 mM [7-32P]ATP (3 • 104 cpm). The reaction was started by an 
addition of [7-32P]ATP. After incubation at 37°C for 5 min, 0.25 ml of 20 
mM silicotungstic acid in 0.01 M H2SO4 and 0.65 ml of 1 mM KH2PO4 were 
added to stop the reaction. The precipitate was removed by centrifugation. To 
the supernatant was added 0.25 ml of 5% (NH4)2MoO4 in 2 M H2SO4. The 
phosphomolybdate complex formed was extracted with I ml of isobutanol/ 
benzene (1 : 1, v/v) saturated with water. The radioactivity in the 0.5 ml 
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portion of the isobutanol/benzene layer was measured by an Aloka 2 7r gas flow 
counter. ATPase activity by determination of  Pi was measured in 0.5 ml of a 
standard reaction mixture except that  11 pg of protein of  enzyme preparation 
and 1 mM non-radioactive ATP were used. The Pi liberated was determined by 
the method of  Martin and Doty [14].  Pi in the substrate and the enzyme 
preparation was corrected. 

Separation of  rough and smooth endoplasmic reticulum fraction from 
microsome. Separation was performed by Rothschild method [15].  3 ml of  
microsome fraction (unwashed microsome with EDTA, 2.34 mg/ml) was lay- 
ered on a sucrose solution of  1.23 M in 10 mM Tris • HC1, pH 7.4. Centrifuga- 
tion was carried out  at 100 000 X g for 15 h using a HITACHI RP 40 rotor. 
The rough endoplasmic reticulum fraction was precipitated at the bot tom and 
suspended in a small volume of Buffer A. The smooth endoplasmic reticulum 
fraction was collected by a J pipette since the fraction was dispersed widely 
over the applied microsome o n  the 1.23 M sucrose layer. After a 4--5-fold 
dilution with Buffer A, the fraction was precipitated by centrifugation at 
100 000 X g for 60 min and suspended in a small volume of Buffer A. 

Dissection of  enamel organ and dental papilla from tooth germ. The tooth  
germs were separated into enamel organ, mineralized portion and dental pupil- 
la. The dissection was performed using an stereomicroscope in Buffer A at 4 ° C. 

Analytical methods. 3H-labelled adenine nucleotides were measured by 
the method of  Roisin and Kepes [16].  The protein concentration was deter- 
mined by the method used by Lowry et al. [17] with bovine serum albumin as 
the standard. Extraction of RNA from the membrane fraction was performed 
by the modification of the procedure of Schmidt and Thannhauser [ 18]. The 
RNA concentration was determined by the Mejbaum [19] method with yeast 
RNA as the standard. 

Results 

Presence of  the Ca2+-ATPase in the microsome fraction 
In a typical distribution pattern, the microsome fraction possessed maxi- 

mal specific activity (12.2 pmol/h per mg) and 64% of  the sum of enzyme 
activity of the subcellular fraction. The Ca2÷-ATPase activity was present in 
soluble (28%), lysosomes (6%) and mitochondria (2%) fraction in decreasing 
order of relative activity. The specific activity in soluble, lysosomes and mito- 
chondria fraction as 0.421, 5.64 and 2.32 pmol/h per rag, respectively. The 
protein content  of  the soluble fraction amounted to 90% of  the sum of  the 
subcellular fractions. The microsome fraction was washed with EDTA as de- 
scribed in Materials and Methods. The washed microsome was used as enzyme 
preparation in subsequent experiments unless otherwise described. 

Effect of  divalent cation on the A TPase activity 
Table I (Expt A) indicates that  the ATPase was inhibited remarkably by 

EDTA and EGTA which are well-known as a divalent cation chelator and a 
specific Ca 2÷ chelator, respectively. By an addition of  the Ca 2÷ the highest 
ATPase activity was obtained. In the absence of  added divalent cation this 
enzyme preparation exhibited 54% of the activity of the Ca 2÷ addition. The 
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T A B L E  I 

E F F E C T  OF D I V A L E N T  C A T I O N  ON T H E  ATPase  R E A C T I O N  

The ATPase  was  measured  as descr ibed in Materials and Methods .  Exp t  A: 1 .29 • 106 c p m  per # tool  of  
speci f ic  ac t iv i ty  of  [ 7 - 3 2 p ] A T P .  6.4 pg  of  w a s h e d  m i c r o s o m e s .  Expt  B: 2.60 • 106 c p m  per p m o l  of spe- 
cific act iv i ty  of  [7 .32p]  ATP.  5.5 pg of  w a s h e d  m i e r o s o m e s .  The  values  in parentheses  represent  percent -  
age o f  m a x i m a l  act iv i ty .  

Expt  Cat ion and che la tor  ATPase  act iv i ty  
( # m o l / h  per  mg  prote in)  

A 

B 

N o n e  11.1 ( 5 4 )  
CaC12 1 mM 20.6 (100)  
MgC12 1 m M  7.3 ( 3 5 )  
E D T A  1 mM 1.6 ( 8) 
E G T A  1 mM 3.8 ( 1 8 )  

in the presence  o f  0.1 m M  E G T A  
N o n e  4.2 ( 2 1 )  
CaC12 0.2 mM 16.5 ( 8 4 )  

1.0 mM 19.7 (100)  
MgCl 2 0.2 m M  5.0 ( 2 5 )  

1.0 m M  6.4 ( 3 3 )  
MnC12 0.2 m M  9.0  ( 4 6 )  

1.0 m M  7.4 ( 3 8 )  
SrC12 0.2 m M  5.2 ( 2 7 )  

1.0 m M  10.6 ( 5 4 )  
CdCl 2 0.2 m M  10.0  ( 5 1 )  

1.0 mM 6.3 ( 3 2 )  
ZnC12 0.2 m M  10.7 ( 5 4 )  

1.0 m M  10.5  ( 5 3 )  

Mg 2÷ stimulated less activity than that in the absence of added cation. The 
effect of Ca 2÷, Mg 2÷, Mn 2÷, Sr 2÷, Cd 2÷ and Zn 2÷ on the ATPase activity in the 
presence of 0.1 mM EGTA was studied (Expt B). Of all the divalent cations 
tested Ca 2÷ was the most effective. The other cations stimulated the ATPase 
activity in half of  the cases of  Ca 2÷ stimulation. No (Na ÷ + K÷)-stimulated, 
ouabain-sensitive ATPase activity was detectable. Both NaC1 and KC1 inhibited 
the Ca2÷-ATPase up to about 50% (at 0.35 M) in the same manner by increasing 
the concentration thereof. No activation was observed when NaC1 and KC1 
were used at the same time. 

Effect of CaC12 and MgCl2 concentrations 
The optimum concentrations of  CaC12 and MgC12 were obtained at 0.5-- 

1.0 mM. Fig. 1 shows that the difference of  Ca 2÷- and Mg2÷-activated ATPase 
activity was remarkable. The effects of MgC12 concentration in the presence of  
optimum CaC12 (0.5 mM) and CaC12 concentration in the presence of optimum 
MgC12 (0.5 mM) were studied. It appears from Fig. 2A that the Mg 2÷ inhibited 
Ca2+-activated ATPase activity. Addition of  2.0 mM MgC12 in the presence of 
0.5 mM CaCI~ resulted in 57% inhibition of  the optimum ATPase activity. Ca 2÷ 
scarcely stimulated ATPase activity in the presence of  Mg 2÷ (Fig. 2B). 
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Fig. 1. E f f e c t  o f  CaCI 2 and  MgC12 c o n c e n t r a t i o n  on  A T P  hyd ro ly s i s .  The  A T P a s e  assay was  p e r f o r m e d  as 
desc r ibed  in Mater ia l s  and  M e t h o d s  e x c e p t  t h a t  t he  c o n c e n t r a t i o n  of  CaC12 and  MgCI  2, r e spec t ive ly ,  were  

var ied  as s h o w n  in the  f igure  and E D T A  was  a d d e d  at  0.1 m M .  The  r e a c t i o n  m i x t u r e  c o n t a i n i n g  the  

e n z y m e  p r e p a r a t i o n  (6 .4  #g  p r o t e i n )  was  i n c u b a t e d  fo r  3 r a in  at  37°C.  Spec i f ic  ac t i v i t y  of  [ ] , .32p]  A T P  
was  7 .94  • 105 c p m  per  ~tmol. 

Substrate specificity 
Substrate specificity was low since the rate of  Pi liberation from other  

nucleotide triphosphates was observed in 73--94% of  the rate of  hydrolysis of  
ATP (Table II). ADP, AMP and p-ni t rophenylphosphate  were hydrolyzed with 
rates equivalent to 23, 21 and 6%, respectively, of  the rate of  ATP hydrolysis. 
PPi was not  hydrolyzed under these conditions. 

The rate of  the Ca2+-ATPase reaction was constant  over a period of  20 
min under  standard conditions and proport ional  to the concentrat ion of  en- 
zyme preparation within the range of  0--12.5 pg protein. 

Effect o f  pH on the Ca2+-stimulated Pi release from ATP, ADP and p-nitro- 
phenylphosphate 

As shown in Fig. 3, Ca2÷-stimulated Pi release from ATP, ADP and p-nitro- 
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Fig. 2. (A)  E f f e c t  o f  MgCI 2 c o n c e n t r a t i o n  on  A T P  h y d r o l y s i s  in  t he  p r e sence  o f  0 .5  m M  CaC12. T h e  
r e a c t i o n  m i x t u r e  and  assay  p r o c e d u r e  were  as  d e s c r i b e d  in Mater ia l s  and  M e t h o d s  e x c e p t  t h a t  MgC12 and  
CaC12 c o n c e n t r a t i o n s  were  var ied  as s h o w n  in the  f igure .  Spec i f i c  ac t iv i ty  o f  [ 7 - 3 2 p ] A T P  used  in th i s  
e x p e r i m e n t  was  7 .65  • 10  s c p m  p e r  p m o l .  (B) E f f e c t  o f  CaCI 2 c o n c e n t r a t i o n  on  A T P  h y d r o l y s i s  in  the  
p r e s e n c e  of  0 .5  m M  MgCl 2. The  r e a c t i o n  m i x t u r e  a n d  assay  p r o c e d u r e  w e r e  as  desc r ibed  in the  l egend  o f  
A. 
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T A B L E  II  

S U B S T R A T E  S P E C I F I C I T Y  

The a m o u n t  of  Pi l ibera t ion  was m e a s u r e d  as descr ibed  in Materials  and  Methods  excep t  t h a t  var ious  
nue leo t ides  and  o the r  p h o s p h a t e  c o m p o u n d s  were  used  as the  subs t ra te .  The  r eac t ion  m i x t u r e  (0.5 ml ) ,  
con ta in ing  10.9 ~g p ro t e in  (Exp t  A) or  21 .8  pg p ro t e in  ( E x p t  B) of  e n z y m e  p repa ra t i on ,  1 m M  CaC12 and  
0.1 m M  E G T A  was i n c u b a t e d  for  40  m i n  ( E x p t  A) at  37QC (Ex p t  B: 20 rain) .  Th e  act ivi ty  was expressed  
as the relat ive act iv i ty  of  Pi f o r m a t i o n .  

Exp t  Nucleo t ides  and  Relat ive act iv i ty  
o the r  c o m p o u n d s  of Pi f o r m a t i o n  
(1 mM) (%) 

ATP 100  
ADP 23 
AMP 21 
ADP + AMP (0.2 raM) 27 
p - n i t r o p h e n y l p h  ospha te  6 
PPi 0 

ATP 100  
GTP 79 
UTP 94 
ITP 73 
CTP 79 

phenylphosphate was carried out  by changing the pH to discover whether the 
substrate specificity of  the Ca2÷-ATPase reaction changed in alkaline pH. Rela- 
tive activity of  Pi released in the percentage of  ATP is shown in Fig. 3B. ATP 
was the most  effective compound between pH 5.6 and 10.4 except for p-nitro- 
phenylphosphate at pH 10.4. Substrate specificity became low in alkaline pH. 
Below pH 7.0 Pi release from ADP was observed in amounts less than 25% of  
those of  ATP. AMP was found to be hydrolyzed in almost the same manner as 
ADP, but the data of  AMP were omitted to clarify the figure. 

EhO 
o o4 

c~0.5 
Lu 
u) 

0 

A 
o ATP 

.~AOP 

6 7 8 9 I0 
PH 

I00 

5O 

I- 

II 
P H  

Fig. 3. (A) Ef fec t  of pH on  Ca2+-stimulated Pi release f r o m  ATP,  ADP and p - n i t r o p h e n y l p h o s p h a t e  
(P-NPP). The r eac t ion  was  p e r f o r m e d  as descr ibed in Materials  and Methods  e x c e p t  t h a t  ATP ,  ADP and 
p - n i t r o p h e n y l p h o s p h a t e  as the  subs t ra te  and 50 m M  b u f f e r  were  used.  The  pH of  the  r eac t ion  m e d i u m  
was ad jus ted  to 5.6 wi th  ace ta te ,  to  7.0 w i th  Tr i s /ma lea te ,  to 7.4 wi th  Trts • HCI,  to 9 .2  w i th  g lyc ine /  
N a O H  and  10.4  wi th  c a r b o n a t e / b i c a r b o n a t e .  The  r eac t ion  m i x t u r e  con ta in ing  the  e n z y m e  was i ncuba ted  
for  40  m i n  a t  37°C.  The  ac t iv i ty  was expressed as the  abso rbance  of  Ca2+-st imulated Pi release wh ich  was  
co r rec ted  for  t h a t  of Pi release in the  absence  of Ca 2+. (B) The  plots  of  the  relat ive ac t iv i ty  of d a t a  in A. 
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Product analysis of  the Ca2+-A TPase reaction 
A tes t  was p e r f o r m e d  to  c o n f i r m  w h e t h e r  ATP  was h y d r o l y z e d  d i rec t ly  to  

ADP and Pi. The  p r o d u c t  o f  the  Ca2÷-ATPase r eac t ion  was ana lysed  using 
[ 2 , 8 - 3 H ] A T P .  The  resul t  is s h o w n  in Fig. 4. The  initial ra te  of  decrease  o f  
ATP was a l m o s t  the  same  as t h a t  o f  the  increase o f  ADP. The  slow increase o f  
AMP was observed .  These  da ta  suggest  t h a t  Pi or  32Pi measu red  f o r  the  Ca 2÷- 
ATPase  assay came  f r o m  the  r eac t ion  o f  ATP  to  ADP and Pi, b u t  no t  f r o m  
two-s t ep  reac t ions  o f  ATP to AMP and PPi and  PPi to  Pi and Pi. 

Effect of A TP concentration 
The  e f f ec t  o f  ATP c o n c e n t r a t i o n  on  the  Ca2÷-ATPase was e x a m i n e d  using 

an excess  of  Ca 2÷. The  resul t  is shown  in Fig. 5. D o u b l e  rec iproca l  p lo t s  o f  t he  
d a t a  gave a s t ra ight  line which  crossed on  the  o rd ina te .  An a p p a r e n t  K m value 
for  ATP  was ca lcu la ted  to  be  8 .85 • 10 -s M. A p p a r e n t  K m did no t  change  
s igni f icant ly  at  var ious  free Ca 2÷ concen t r a t i on .  At  the  m o l a r  ra t io  of  CaC12 to  
ATP o f  1 : 1, K m and V, respec t ive ly ,  are a lmos t  the  same  as in the  case o f  the  
excess  o f  CaC12. 

Inhibition of  the Ca2+-ATPase activity under various conditions 
As shown  in Tab le  I I I ,  the  e f f ec t  o f  var ious  c o m p o u n d s  on  the  Ca 2÷- 

ATPase  was e x a m i n e d .  O l i g o m y c i n  and ouaba in ,  which  are inh ib i tors  o f  mi to -  
c h o n d r i a  ATPase  and  (Na  ÷ + K÷)-ATPase,  respec t ive ly ,  had  no  e f fec t  on  the  
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Fig. 4. P r o d u c t  ana lys i s  o f  t he  Ca2+-ATPase r eac t ion .  The  r e a c t i o n  was  p e r f o r m e d  a s  desc r ibed  in Mater ia l s  
and  M e t h o d s  e x c e p t  t h a t  [ 2 , 8 - 3 H ]  A T P  was  used  as t h e  subs t r a t e .  The  r e a c t i o n  was  s t a r t ed  by  an  a d d i t i o n  

o f  10  /~1 of  [ 3 H I  A T P  ( 2 5 0  ~Ci /5  p m o l  p e r  ml )  and  a p o r t i o n  o f  r e a c t i o n  m i x t u r e  was  a d d e d  to  f o r m i c  

acid c o n t a i n i n g  n o n - r a d i o a c t i v e  A T P ,  A D P ,  AMP and  a d e n o s i n e  to  t e r m i n a t e  the  r e a c t i o n  a t  t he  t i m e  
d e s c r i b e d  in  the  f igure .  A d e n i n e  n u c l e o t i d e s  w e r e  i so la ted  as d e s c r i b e d  in  Mater ia l s  and  M e t h o d s  and  t h e i r  
r a d i o a c t i v i t y  ,vas c o u n t e d  wi th  an A l o k a  LSC-651  l iqu id  sc in t i l l a t ion  c o u n t e r .  A d e n o s i n e  w a s  n o t  s h o w n  

in t he  f igure  b e c a u s e  i ts  inc rease  was  negl igible .  

Fig.  5. E f f e c t  o f  A T P  c o n c e n t r a t i o n  on  the  Ca2+-ATPase r eac t ion .  T h e  r e a c t i o n  m i x t u r e  was  as  d e s c r i b e d  
in Mater ia ls  and  M e t h o d s  e x c e p t  t h a t  A T P  c o n c e n t r a t i o n  was  var ied  as s h o w n  in  the  f igure .  T h e  r e a c t i o n  
m i x t u r e  c o n t a i n i n g  0 .5  m M  CaCI2,  6 .4  ~g  p r o t e i n  of  e n z y m e  p r e p a r a t i o n  and  7 . 9 5 .  105 c p m  p e r  ~tmol o f  

spec i f ic  ac t i v i t y  o f  [ 7 -32p ]  A T P  was  used  in th i s  e x p e r i m e n t .  D o u b l e  r ec ip roca l  p lo t s  o f  d a t a  in  t he  f igure  
are as s h o w n  in  the  inset .  
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T A B L E  n I  

I N H I B I T I O N  O F  T H E  Ca2+-ATPase A C T I V I T Y  U N D E R  V A R I O U S  C O N D I T I O N S  

The react ion  was  p e r f o r m e d  as descr ibed in Materials and M e t h o d s  e x c e p t  that  the  reac t ion  m i x t u r e  wa s  
incubated  under  the various cond i t i ons  descr ibed  in the  table .  Spec i f i c  act iv i ty  o f  [ 7 - 3 2 p ]  ATP used  in 
these  e x p e r i m e n t s  was  1.09 • 106 - -  2 .18 • 105 c p m  per p m o l .  The e n z y m e  was  incuba ted  wi th  trypsin  in 
20 pl o f  50 m M  Tr i s /ma l ea t e ,  pH  7.0.  After  incubat ion  at 3 7 ° C  for 1 2 6  rain, the  Ca2+-ATPase act iv i ty  was  
measured  as descr ibed in Materials  and Methods .  

E x p t  Act iv i ty  as p e r c e n t  
of  contro l  

A Con t ro l  100  
Oligomy cin 5 # g / m l  102 

Ouabain 1.0 m M  99 
R u t h e n i u m  red 0.1 m M  97 

N- E t h y l m a l e i m i d e  5.0 m M  98 

L-Cyste ine  5.0 m M  105 

B Con t ro l  100  

Tri ton  X-100  1.0% 80 
S o d i u m  lauryl  sul fate  0.2% 6 
2 , 4 - D i n i t r 0 p h e n o l  0.5 m M  91 

Fusidic  acid 1.0 m M  83 

Ethanol  15% 32 

Pi 0.1 m M  87 

C Con t ro l  100  
ADP 0.5 m M  69 
AMP 0.5 m M  81 
Freeze - thawing  1 0  t imes  60 
KCN 1.0 m M  97 
N a N  3 1.0 m M  103 
Trypsin  0 . 3 7 4  # g # t g  92 

Ca2÷-ATPase reaction, and 2,4-dinitrophenol, the uncoupler of  oxidative phos- 
phorylation did not  show any stimulative effect. The hexavalent dye, ruthenium 
red, inhibitor of  the Ca2÷-ATPase in the erythrocyte membrane [20] and fu- 
sidic acid, a potent  inhibitor of  the elongation factor G-dependent GTPase of  
ribosomes [21] showed scarcely any significant effect. Sodium lauryl sulfate 
(0.2% final concentration) destroyed 94% of  the Ca2÷-ATPase activity, but the 
enzyme was resistant to Triton X-100 (1.0% final concentration). Ethanol 
(15%) reduced the activity by 68% as compared to the control. Inhibition by 
Pi, AMP and ADP was not  remarkable. Freezing and thawing of  the enzyme 
preparation, 10 times within 30 min in solid CO2/acetone and water bath at 
37°C led to a 40% loss of  activity. KCN and NaN3 did not affect the enzyme 
activity. Trypsin treatment (under conditions shown in the legend of  T~ble III) 
had no noticeable effect. 

Localization of the Ca2÷-ATPase in microsome fraction 
To determine whether the Ca2÷-ATPase was localized in the rough or 

smooth endoplasmic reticulum fraction, the microsome fraction was separated. 
A typical summary of  the specific activity of  the Ca 2÷- and Mg2÷-ATPase activi- 
ty and RNA content of  fractions during the separation is presented in Table IV. 
RNA content in each fraction was lower than that reported by previous re- 
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T A B L E  IV 

L O C A L I Z A T I O N  O F  T H E  A T P a s e  IN T H E  M I C R O S O M E  F R A C T I O N  

Iso la t ion  o f  s m o o t h  and rough  e n d o p l a s m i c  r e t i c u l u m  f r o m  the  m i c r o s o m e  frac t ion  ( u n w a s h e d  m i c r o s o m e  
wi th  E D T A )  w as  p e r f o r m e d  as descr ibed  in Materials  and Methods .  The  ATPase  act iv i ty  wa s  m e a s u r e d  as 
descr ibed  in Materials  and M e t h o d s  e x c e p t  that  3 . 2 - - 1 1 . 7  # g  prote in  o f  m e m b r a n e  frac t ion  and 2 . 4 3  • 105  
cpra per ~ m o l  o f  spec i f i c  ac t iv i ty  o f  [ 7 - 3 2 P ]  A T P  w e r e  used  in this  e x p e r i m e n t .  The  values in pa renthese s  
represent  percentage  o f  ATPase  act iv i ty  by  CaC12 addit ion .  

Frac t ion  V o l u m e  Prote in  ATPase  act iv i ty  ( p m o l / h  per  m g )  R N A  c o n t e n t  
(ml)  c o n c e n t r a t i o n  ( p g / m g  prote in )  

( m g / m l )  CaCI 2 (I mM) MgCI 2 (i raM) 

U n w a s h e d  
m i c r o s o m e  3 .0  2 . 3 4  4 .61  ( 1 0 0 )  2 .66  (58)  22 .7  
S m o o t h  
e n d o p l a s m i c  
r e t i cu l um 1 .53  0 . 6 4 8  13 .2  (1O0)  5 .00  (38)  8 . 4 2  
Rough 
endoplasmic 

reticulum 2.19 1.77 2.90 (100) 1.74 (80) 33.5 

searchers working with liver membrane fractions, but about 80% of  the total 
microsomal RNA was recovered in fraction rough endoplasmic reticulum while 
the recovery of  RNA content in fraction smooth endoplasmic reticulum was 
only about 5%. The recovery of  Ca2+-ATPase activity in fraction smooth endo- 
plasmic reticulum and rough endoplasmic reticulum was about 40 and 35%, 
respectively. When compared in terms of specific activity, it will be noticed 
that the specific activity of  Ca~+-ATPase was the highest in fraction smooth 
endoplasmic reticulum and that of  the enzyme in fraction rough endoplasmic 
reticulum was lower than that in the microsome fraction. These results indicate 
that the Ca2+-ATPase may be assumed to be localized in fraction smooth endo- 
plasmic reticulum containing cell and Golgi body membrane fragments. 

Localization of the Ca2+-A TPase in tooth germ 
To discover whether the Ca2÷-ATPase was localized in the enamel organ or 

in the dental papilla, tooth germ was dissected. The microsome fraction was 
isolated by the same method from the enamel organ, dental papilla and undis- 
sected tooth germ. Table V shows that isolated enamel organ microsomes ex- 

T A B L E  V 

L O C A L I Z A T I O N  O F  T H E  A T P a s e  IN T H E  T O O T H  G E R M  

The ATPase  act iv i ty  was  m e a s u r e d  as descr ibed  in Materials  and M e t h o d s  e x c e p t  that  4 . 3 - - 6 . 7  ~g  prote in  
o f  the  m i c r o s o m e  frac t ion  ( u n w a s h e d  m i c r o s o m e  w i t h  E D T A )  and 1 . 7 2  • 105  c p m  p e r / ~ m o l  o f  spec i f i c  
act iv i ty  o f  [~/ .32p]  A T P  w e r e  used  in this  e x p e r i m e n t .  The  values  in parentheses  represent  percentage  o f  
A T P a s e  act iv i ty  by  CaC12 addi t ion .  

M i c r o s o m e  frac t ion  ATPase activity (#mol/h per mg protein) 

CaCl 2 (1 mM) MgCI 2 (I mM) No addition 

T o o t h  germ 1 1 . 7  ( 1 0 0 )  7 . 4 4  ( 6 4 )  10 .1  (86 )  
E n a m e l  organ 2 9 . 5  ( 1 0 0 )  13 .3  ( 4 5 )  2 0 . 8  (71 )  
D e n t a l p a p i U a  3 . 1 5  ( 1 0 0 )  3 .7  ( 1 2 0 )  2 . 5 5  (81)  
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hibited 2.5 times the Ca2*-ATPase activity of  too th  germ microsomes, and 
dental papilla microsomes, about  one-fourth that  of tooth  germ microsomes. 
Using unwashed microsomes a low dependency of  ATP hydrolysis on Ca 2 ÷ was 
observed. However, about  80% inhibition was obtained on microsomes of the 
enamel organ by an addition of 3 mM EGTA. It was noted that Mg 2÷ stimu- 
lated higher ATPase activity than that of Ca 2÷ stimulation only in the dental 
papilla microsomes. These results suggest that the Ca2÷-ATPase was localized in 
the enamel organ containing ameloblast, stratum intermedium and stellate re- 
ticulum. 

Discussion 

The present report  described some properties and localization of  the 
Ca2÷-ATPase in calcifying too th  germ. With no addition of  divalent cation, the 
enzyme preparation exhibited 54% of ATPase activity in the case of  an addi- 
t ion of  Ca 2÷ (Table I). This activity, that seemed to exist in the presence of 
residual Ca 2÷, varied from 40 to 70% of  the Ca2+-stimulated ATPase activity 
with the use of various lots of  enzyme preparation. It was difficult to remove 
completely the residual Ca 2÷ from enzyme preparation because a large amount  
of  Ca 2÷ seemed to be eluted from the calcifying port ion of too th  germ during 
homogenizat ion and to be confined into membrane vesicles. According to 
histochemical studies, strong alkaline phosphatase activity has been observed 
on the cell membrane of  the stratum intermedium adjacent to ameloblast 
elaborating the enamel matrix [22--24] .  Moreover, both AMP and p-nitro- 
phenylphosphate  hydrolysis at alkaline pH suggest that alkaline phosphatase 
may be present in our enzyme preparation. However, our  results show that 
hydrolysis of ATP, AMP and p-ni t rophenylphosphate  is sensitive to Ca 2÷. It is 
unclear whether  AMP and p-ni t rophenylphosphate  are hydrolyzed by alkaline 
phosphatase in alkaline pH (Fig. 3). A low value of 4.61 pmol/h  per mg was 
obtained as the specific activity of  the Ca2+-ATPase of  the microsome fraction 
in Table IV. This seemed to be due to the fact that the too th  germ was stored 
at --20°C for a long term (about 8 months).  The Ca2÷-ATPase of tooth  germ 
had different  properties from the Ca2÷-activated ATPase which was a compo- 
nent  of  the calcium transport  system of  the sarcoplasmic reticulum. Also the 
enzyme differs from the ATPase of  rat liver microsome fraction with regard to 
divalent cation dependency.  The ATPase of  rat liver microsomes is known to be 
activated by both Ca 2÷ and Mg 2÷ to the same extent  and Mg 2~ does not  inhibit 
the ATPase activity in the presence of Ca 2÷. Moreover, we found that the 
microsome fraction of  fetal porcine liver possessed ATPase of  the same type as 
rat liver. These results suggest that  the Ca2÷-ATPase described here is a specific 
feature of calcifying too th  germ microsomes, especially in the smooth endo- 
plasmic reticulum fraction. 

The ATPase showed opt imum activity with an addition of  0.5--1.0 mM 
CaC12, a concentrat ion which was of the same order as that in body fluid [25] and 
almost the same as the ATP concentrat ion used. However, higher concen- 
trations of  CaC12 (above 1.0 mM) and ATP (above 1.0 mM) inhibited the 
ATPase activity. Evidence which interested us very much suggested that  the 
greater part of  the Ca2*-ATPase was located in the enamel organ. However, it is 
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still unclear as to where the Ca2*-ATPase is located in the cell layer of the 
enamel organ. The at tempt  to detect  ATP-dependent calcium uptake of micro- 
some vesicles remains unsuccessful. The biological significance of the Ca 2÷- 
ATPase in tooth  germ remains unclarified. Further studies on the nature of the 
enzyme are needed in order to elucidate its biological role. 
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