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Summary 

An activity of ATP pyrophosphohydrolase (EC 3.6.1.8) was found in the 
soluble fraction of the plasmodium of Physarum polycephalum. The products 
of the enzyme reaction were inorganic pyrophosphate and 5'-AMP in equimolar 
quantities. The enzyme had a pronounced requirement for Ca 2÷ with high 
specificity. Mg 2÷ was not an essential cofactor but stimulated the enzyme ac- 
tivity about 2.5-fold of the control. The enzyme hydrolyzed ITP, GTP and 
/3,7-methylene ATP at a limited rate. Among inhibitors tested, 3 mM caffeine 
reduced the activity to about 75% of the control. The enzyme had a broad pH 
opt imum around pH = 7.0 and the Km for ATP was 2.0 mM. An Arrhenius plot 
showed a break at about 18°C and the calculated activation energies were 6.7 
and 11.4 kcal/mol above and below the transition temperature, respectively. 
Disc electrophoresis in dodecyl sulfate and gel filtration on Sephadex G-200 
gave apparent molecular weights of 56 000 and 240 000, respectively, suggest- 
ing that  the native enzyme was built up from 4 polypeptide chains. The possi- 
ble role of the enzyme in vivo was discussed. 

Introduction 

The plasmodium of the acellular slime mold, Physarum polycephalum, is a 
unique material for the investigation of the ATP-driven contractile system 
[1,2]. In the course of study on the mode of ATP utilization by the plasmo- 
dium, we observed a strong apyrase-type ATPase activity in the supernatant of 
the homogenate.  The activity, however, abruptly disappeared at a certain stage 
of the enzyme purification. After some examination the activity was found to 
be due not to a single enzymatic enti ty but the combined action of two 
enzymes: a pyrophosphohydrolase and a pyrophosphatase. The former, ATP 
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pyrophosphohydrolase (EC 3.6.1.8), was partially purified as much as 1700- 
fold over the original extract in terms of specific activity. 

The procedure of purification and several properties of the enzyme are the 
main subjects of this paper. A possible role of the enzyme as a regulator in the 
cellular dynamics of the plasmodium is discussed. 

Materials and Methods 

Organism 
Plasmodia of P. polycephalum were cultured in a plastic vessel by the 

method of Hatano and Oosawa [3]. 

Enzyme preparation 
Plasmodia which crept up the inside walls of the vessel were collected and 

directly dropped into about 10 vol. of cold acetone (--20°C) and stirred vigor- 
ously for 10 min at room temperature. The acetone t reatment  was repeated at 
least twice, after which the material was dried and stored in a desiccator at 
.... 20°C. 

To the dry plasmodial powder, cold water was added in the ratio of 20 ml 
to 1 g of powder. The pH was adjusted to 8.0 by a few drops of 1 M Tris. 
Extraction was carried out under gentle stirring for 30 min at 4°C and the 
extract was centrifuged at 5000 × g for 15 min. The pellet was discarded and 
the yellow supernatant was centrifuged at 150 000 × g for 2 h. 3 vol. of cold 
ethanol ( -20°C)  was added to the clear supernatant fraction under gentle 
stirring. The precipitate was gathered by centrifugation at 5000 × g for 10 min 
and suspended in a small volume of 0.05 M Tris/HC1 buffer, pH 7.6. The 
suspension was centrifuged at 20 000 × g for 30 min. Then, the supernatant 
was applied to a Sephadex G-100 column and eluted with the same buffer. A 
2.5 × 30 cm column was used. Peaks of pyrophosphohydrolase activity were 
pooled and stored at 4°C. 

For further purification, DEAE-Sephadex A-25 chromatography was used. 
The sample was loaded onto a DEAE-Sephadex column 1.5 X 25 cm. Elution 
was performed by a linear gradient system consisting of 100 ml of 0.05 M 
Tris/HC1, pH 7.6 and 100 ml of the same buffer containing 1 M NaC1. After 
dialysis against 0.05 M Tris/HC1 buffer (pH 7.6), the pyrophosphohydrolase- 
containing fractions from the column were concentrated by ultrafiltration and 
stored at 4°C. 

Enzyme assays 
The assay for pyrophosphate (PP0 liberated from ATP depended on the 

hydrolysis of PPi to orthophosphate (Pi) by inorganic pyrophosphatase [4] 
which was free from activities for ATP, ADP and 5'-AMP. Inorganic pyrophos- 
phatase was partially inhibited by Ca 2÷, so it was necessary to add an excess of 
inorganic pyrophosphatase to the assay mixtures (see Results). 

The crude extract of plasmodia contained endogenous inorganic pyro- 
phosphatase, but this was separated from ATP pyrophosphohydrolase by 
Sephadex G-100 chromatography. Unless otherwise stated, the reaction mix- 
tures (1.0 ml) contained 0.05 M Tris/HC1 buffer (pH 7.6), 0.005 M MgCI2, 
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0.001 M CaC12, 0.003 M (sodium)ATP, 5 pg of  inorganic pyrophosphatase and 
the enzyme fraction from the Sephadex G-100 column (corresponding to 
10--20 pg of  protein). After 10 rain at 25°C, 1.0 ml of HC104 (8%) was added, 
and Pi was estimated using 1.0 ml aliquots by the method of Fiske and Sub- 
baRow [5].  Absorbance was determined at 660 nm after standing for 15 min 
at room temperature. When inorganic pyrophosphatase was omitted,  the ab- 
sorbance of the sample at 660 nm was the same as that of the sample to which 
ATP pyrophosphohydrolase was appended after HC104 addition. 

In some experiments, pyrophosphohydrolase activity was measured as the 
amount  of 5'-AMP produced from ATP. After the reaction had been stopped 
by HC104, the mixture was neutralized with KOH, and after removal of potas- 
sium perchlorate by centrifugation, the supernatant was applied to a column of 
Dowex 1 (C1- form). The elution was performed with a continuous pH gradient 
system, which separated ATP, ADP, 5 '-AMP and cyclic AMP without  any over- 
lapping. 

Polyacrylamide gel electrophoresis 
Disc electrophoresis was carried out  at room temperature in glass tubes 

(7 mm outer  diameter) as described by Davis [6] using 1.2 ml of a 7.5% 
separating gel, pH 9.4, and running at 2.5 mA per tube. Stacking gel was not  
employed.  Bromophenol  blue was the tracking dye. Protein in the gel was 
detected by Coomassie blue staining [7] .  

Electrophoresis in the presence of sodium dodecyl sulfate was performed 
according to the method of Weber and Osborn [7] .  The gels consisted of  7.5% 
acrylamide, 0.2% N,N'-methylene-bis-acry!amide , 0.1% sodium dodecyl  sulfate 
and 0.1 M phosphate buffer (pH 7.2). The gels were stained by amidoblack 10B 
and destained electrophoretically after boiling the gels for 1 h. 

Molecular weight estimation 
The molecular weight was estimated following Weber and Osborn [7] for 

disc electrophoresis and following Andrews [8] for Sephadex column chroma- 
tography. 

Protein assay 
Protein content  was determined after Lowry et al. [9] with bovine serum 

albumin as the standard. 

R eagen ts 
~/-Globulin was kindly supplied by Dr A. Gotoh. Other standard proteins 

and yeast inorganic pyrophosphatase were products of  Boehringer Corp. ATP 
was from Kyowa Hakko, and other nucleotides were from Sigma. ~D'-Methyl- 
ene ATP was purchased from Miles Inc. All other chemicals and solvents were 
of reagent grade or bet ter  qualities. 

Results 

Enzy me purifica tio n 
Fig. 1 shows the profile of  absorbance at 280 nm and the distribution of 
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Fig. 1. Separa t ion  o f  A T P  p y r o p h o s p h o h y d r o l a s e  and inorganic  p y r o p h o s p h a t a s e  b y  S e p h a d e x  G - 1 0 0  gel  
f i l trat ion.  T h e  gel  was  equi l ibrated  wi th  0 .05  M Tris /HCl,  pH 7.6. Each f rac t ion  o f  2.9 ml  was ana lyzed  
for e n z y m i c  act ivit ies .  A T P  p y r o p h o s p h o h y d r o l a s e  act iv i ty  was  m e a s u r e d  b y  a d d i t i o n  of  e x c e s s  a m o u n t  o f  
yeast  inorganic  p y r o p h o s p h a t a s e  as descr ibed  in Materials  and M e t h o d s .  Inorgan ic  p y r o p h o s p h a t a s e  activi-  
t y  was d e t e r m i n e d  in a m e d i u m  c o n t a i n i n g  0 .05  M Tris /HCl  b u f f e r  (pH 7.6), 0 .005  M MgCI2, 3 mM 
s o d i u m  p y r o p h o s p h a t e  in a f inal v o l u m e  o f  1 ml. After  i n c u b a t i o n  at 25°C for  10 rain,  the  p h o s p h a t e  

released was  d e t e r m i n e d ,  e--  • ,  A T P  p y r o p h o s p h o h y d r o l a s e  act iv i ty ,  A 6 6 0 n  m (arb i t ra ry  uni t s ) ;  
, "~, plasmodia l  inorganic  p y r o p h o s p h a t a s e  ac t iv i ty ,  A 6 6 0 n  m (a rb i t ra ry  uni ts) .  H i s togram s h o w s  
absorbance  at  280 nm. 

Fig. 2. C o l u m n  c h r o m a t o g r a m  o n  D E A E - S e p h a d e x  A - 2 5  o f  the  e n z y m e  frac t ion  o b t a i n e d  b y  S e p h a d e x  
G-100 c h r o m a t o g r a p h y .  5 ml  of  the  e n z y m e  fract ion  (1 mg p ro te in )  was s u b j e c t e d  to l inear-gradient  
e lu t i on  t h r o u g h  a D E A E - S e p h a d e x  c o l u m n .  E a c h  fract ion  o f  2.9 ml was ana lyzed  for e n z y m i c  act iv i ty .  
T h e  assay c o n d i t i o n s  w e r e  the  same as in Fig. 1. • e A T P  p y r o p h o s p h o h y d r o l a s e  ac t iv i ty ,  A 6 6 0 n  m 
(a rb i t ra ry  units ) .  

enzyme activities in fractions from a Sephadex G-100 column. The plasmodial 
inorganic pyrophosphatase, which was extracted together with ATP pyrophos- 
phohydrolase, was separated from the latter enzyme at this purification step. 
The fractions containing pyrophosphohydrolase activity were pooled and 
placed on a DEAE-Sephadex column. The result of  DEAE-Sephadex chroma- 
tography is shown in Fig. 2. Pyrophosphohydrolase, which eluted from the 
column at about 0.08 M NaC1, was dialysed against 0.05 M Tris/HC1 buffer (pH 
7.6) and concentrated by ultrafiltration. The specific activity increased about 
80--100-fold over that of  the original supernatant obtained by ethanol treat- 
ment. Recoveries of  protein and ATP pyrophosphohydrolase activity through- 
out the purification are summarized in Table I. To check the purity of  the 
enzyme, the electrophoresis on polyacrylamide gel was carried out. Fig. 3 
shows electrophoretic pattern and its densitometric profile of  the peak fraction 
from DEAE-Sephadex column. The purified enzyme exhibited only one main 
band and appeared homogeneous  on the polyacrylamide gel. 

Reaction products and their stoichiometry 
With the partially purified enzyme preparation, approx. 2 mol of Pi were 

formed per tool of  ATP only in the presence of added inorganic pyrophos-  
phatase (Fig. 4). When the inorganic pyrophosphatase was omitted, no produc- 
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T A B L E  I 

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

The  s tar t ing mater ia l  was 10 g of  ace tone-dr ied ,  p o w d e r e d  p lasmodia .  The  specific ac t iv i ty  of  the  h o m o -  
genate  of  the p l a s m o d i n m  was a r o u n d  0 .02  Mmol /mg/min .  

P rocedure  Tota l  p ro t e in  To ta l  act iv i ty  Spec. act. Recove ry  
(rag) ( # m o l ] h )  ( p m o l / m g / m i n )  (%) 

E thano l  p rec ip i t a t i on  150 4350  0 .48  100 
Sephadex  G-100  6.6 3300  8.33 76 
D E A E  Sephadex  1.0 2080  34.6 48 

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  OF P L A S M O D I A L  ATP P Y R O P E t O S P H O H Y D R O L A S E  

The  c o n c e n t r a t i o n  of  each subs t ra te  is ind ica ted  in parenthes is ,  fl,~f-Metbylene ATPase  act ivi ty  was assaye(] 
for  5 ' -AMP by  the  use of  a D o w e x  c o l u m n  and the  o the r s  were  assayed for Pi wi th  inorganic  pyrophoy-  
pha tase  added  as descr ibed in Materials  and Methods .  

Subs t ra te  (mM) Relat ive  ac t iv i ty  (%) 

ATP (3 .0)  (100)  
ITP (2.7)  33 
GTP (2.8)  21 
ADP (2.6)  3 
CTP (2.3)  0 
UTP (2.2)  0 
p - N i t r o p h e n y l p h o s p h a t e  (3 .0)  0 
f l ,T-Methylene ATP (3.0)  12 

1.0- 
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> 
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~L 

Fig. 3. Po lyac ry l amide  gel e l ec t rophore t i c  p a t t e r n  and the  d e n s i t o m e t r i c  profi le  of  the  peak  f rac t ion  of  
ATP p y r o p h o s p h o h y d r o l a s e  f r o m  D E A E , S e p h a d e x  c o lumn .  A b o u t  5 ~g of  p ro t e in  was appl ied to the  gel. 
E lec t rophores i s  was carr ied ou t  on  7.5% gel at 2.5 m A / t u b e .  B r o m o p h e n o l  b lue  was used as a t r ack ing  
dye .  The  gel was s ta ined by  Coomass ie  b lue  in 45% m e t h a n o l  and 10% acet ic  acid overn igh t  and  des ta ined  
by several  changes  of  7% acet ic  acid.  

Fig, 4. T i m e  course  of  the  ATP  p y r o p h o s p h o h y d r o l a s e  reac t ion .  The  ac t iv i ty  of  the  e n z y m e  was e s t ima ted  
by  convers ion  of  PPi to  Pi by  a dde d  inorganic  p y r o p h o s p h a t a s e  as descr ibed in Materials and  Methods .  0 .5 
# m o l  of  ATP were  added  to each  r eac t ion  m i x t u r e  of  1.0 ml.  
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A M P  A D P  ATP 

Fig. 5. C o l u m n  c h r o m a t o g r a p h y  o f  t he  r e a c t i o n  p r o d u c t s  wi th  Dowe x-1  (Cl- f o r m )  resin.  Af t e r  i n c u b a t i o n  

of  the  r eac t i on  m i x t u r e  w i t h o u t  i no rgan ic  p y r o p h o s p h a t a s e ,  the  p r o d u c t s  were  s epa ra t ed  wi th  a D o w e x  

c o l u m n  as desc r ibed  in Mater ia ls  and  Methods .  The  A D P  p e a k  is due  to a s l ight  c o n t a m i n a t i o n  in the  A T P  
used.  (a) c o m p l e t e  s y s t e m ;  (b) Sr 2+ s u b s t i t u t e d  for  Ca 2+ in e q u i m o l a r  c o n c e n t r a t i o n ;  (c) w i t h o u t  Ca 2+. 

Possible c o n t a m i n a t i o n  of  a t race  a m o u n t  of  Ca 2+ was che la ted  by E G T A  (1 raM). 

tion of Pi was detected by the method of Fiske and SubbaRow, in spite of an 
extensive conversion of ATP to 5'-AMP (cf. Fig. 5a). These results made us 
expect that  PPi was the original form of the phosphate released from ATP. 

It was confirmed also by ion-exchange chromatography (data not  shown) 
that the produced nucleotide was 5'-AMP and not  cyclic AMP. 5'-AMP and PPi 
(calculated as a half amount  of Pi) were produced in equimolar quantities. In a 
typical experiment where 1.74 pmol of Pi was estimated after inorganic pyro- 
phosphatase treatment of the reaction product, chromatography of the same 
sample yielded 0.89 pmol of 5'-AMP. 

No cyclic AMP phosphodiesterase activity was detected in the partially 
purified enzyme preparation nor any non-specific phosphatase activity (with 
p-nitrophenylphosphate as substrate). 

From these observations the enzyme was concluded to be an ATP pyro- 
phosphohydrolase. 

Ca 2+ d e p e n d e n c y  
That the ATP pyrophosphohydrolase activity was depenaent  on the con- 

centration of Ca 2÷ was shown in Fig. 6. Up to 1 mM concentration of Ca 2÷, the 
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Fig .  6. I n f l u e n c e  o f  Ca 2+ o n  A T P  p y r o p h o s p h o h y d r o l a s e  a nd  o n  i n o r g a n i c  p y r o p h o s p h a t a s e .  I n o r g a n i c  

p y r o p h o s p h a t a s e  a c t i v i t y  was  m e a s u r e d  u s i n g  1 pg  e n z y m e  in  a m e d i u m  o f  1 m l  c o n t a i n i n g  3 m M  s o d i u m  

p y r o p h o s p h a t e ,  0 , 0 5  M T r i s / H C l ,  p H  7 .6 ,  0 . 0 0 5  M M g g l 2 ,  a n d  va r i ed  c o n c e n t r a t i o n  o f  CaCl  2. F o r  t h e  

assay o f  A T P  p y r o p h o s p h o h y d r o l a s e  a c t i v i t y ,  3 m M  s o d i u m  A T P  was  u sed  as s u b s t r a t e  a n d  i n o r g a n i c  

p y r o p h o s p h a t a s e  ( 1 0  p g  o r  0 . 5  pg)  was  a d d e d  t o  t h e  r e a c t i o n  m e d i u m .  O t h e r  c o n d i t i o n s  were  t h e  s a m e  as 

t h a t  f o r  i n o r g a n i c  p y r o p h o s p h a t a s e  m e a s u r e m e n t ,  o- -  o i n o r g a n i c  p y r o p h o s p h a t a s e  a c t i v i t y ;  

$ - -  $, A T P  p y r o p h o s p h o h y d r o l a s e  a c t i v i t y  o b s e r v e d  i n  t h e  p r e s e n c e  o f  10  /lg i n o r g a n i c  p y r o p h o s -  

p h a t a s e ;  e e), A T P  p y r o p h o s p h o h y d r o l a s e  a c t i v i t y  i n  t h e  p r e s e n c e  o f  0 . 5  pg  i n o r g a n i c  p y r o p h o s p h a -  

tase.  

ion stimulated the enzyme activity with saturation kinetics, provided that an 
excess amount  of  inorganic pyrophosphatase (10 pg) was added. On the other 
hand, inorganic pyrophosphatase activity was decreased with increasing Ca 2÷ 
concentration until about  80% inhibition observed at 1 mM Ca 2+. Under insuf- 
ficient amount  of  inorganic pyrophosphatase in the assay system, therefore, an 
apparent maximum appeared on the ATP pyrophosphohydrolase/Ca 2+ concen- 
tration plot since, at higher concentrations of Ca 2÷, inorganic pyrophosphatase 
was rate limiting (Fig. 6). The apparent optimal concentration varied, as is 
easily seen from inspection of Fig. 6, with the levels of  inorganic pyrophos- 
phatase added. 

Therefore, it was necessary to add an excess amount  of  inorganic pyro- 
phosphatase to the assay system in order to obtain correct ATP pyrophospho- 
hydrolase activity. The level of  inorganic pyrophosphatase to be added was 
checked at 1 mM Ca 2+, the highest concentration in our routine assays (Fig. 7). 
5 pg of inorganic pyrophosphatase,  which was the amount  of the enzyme 
added in our routine assay, was found to be sufficient. 

Matumura and Hatano [10] have reported the presence of  Ca2+<tependent 
ATPase activity in Physarum which exhibited a sharp peak at about  10 -s M 
Ca 2+. Our "ATPase activity", that is, pyrophosphohydrolase plus pyrophos- 
phatase, also shows a Ca2+-dependent peak (Fig. 1). However, the apparent 
optimal concentration of Ca 2+ (10 -4 M) does not  coincide with their ATPase 
activity. 
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Fig. 7. Cor re la t ion  of  a p p a r e n t  A T P  p y r o p h o s p h o h y d r o l a s e  ac t iv i ty  and  a m o u n t  of  ino rgan ic  py rophos -  

pha ta se  added .  I n c u b a t i o n  m e d i u m  was the  s a m e  as desc r ibed  in Mater ia ls  and  Methods ,  e x c e p t  inorgan ic  
p y r o p h o s p h a t a s e ,  wh ich  was var ied .  

Ca 2+ dependency of the pyrophosphohydrolase was directly shown with- 
out using inorganic pyrophosphatase (Fig. 5). In the presence of  added Ca 2+, 
chromatography of the reaction products on Dowex-1 column yielded a large 
amount  of 5'-AMP that could be accounted for by the disappearance of ATP. 
On the other hand, when not Ca 2+ but ethyleneglycol bis-(fi-aminoethyl ether)- 
N,N'-tetraacetate (EGTA), a chelator with high affinity for Ca 2+, was added to 
the reaction mixture, no peak was eluted in the 5'-AMP area, and ATP re- 
mained completely unhydrolyzed (Fig. 5c). 

Whether any other divalent cations could substitute for Ca 2÷ or not was 
tested in the same way as above. Among divalent cations tested, only Sr 2÷ 
could substitute for Ca :÷ and a low level of pyrophosphohydrolase activity 
(about one tenth of Ca 2÷) was observed in the presence of added Sr 2+ (Fig. 5b). 
Other cations (Cd 2+, Mn 2+, Ba 2+, Co s+ and Cu 2+) were completely inactive. 
That plasmodial pyrophosphohydrolase is highly specific for Ca 2+ might be 
important  in the physiological significance of the enzyme. 

Effect of Mg 2+ 
Inorganic pyrophosphatase has a pronounced requirement for Mg 2+, so 

this cation must be included in our routine assay system. For the ATP pyro- 
phosphohydrolase activity itself, however, it was shown in two ways that  Mg 2+ 
was not  an essential requirement. 

In the first procedure, the products of the ATP pyrophosphohydrolase 
reaction were separated with Dowex-1 chromatography. Even in the absence of 
added Mg 2+, more than 40% of the activity remained (Fig. 8). 

The second way involved the addition of inorganic pyrophosphatase to 
the reaction mixture after the pyrophosphohydrolase reaction had been 
stopped. For termination of the pyrophosphohydrolase reaetion, the incubated 
reaction mixture was kept in a boiling water bath for 1.5 min. After cooling, 
the mixture was again incubated with inorganic pyrophosphatase for 12 min at 
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Fig .  8. E f f e c t  o f  Mg 2+ o n  A T P  p y r o p h o s p h o h y d r o l a s e  a c t i v i t y .  T h e  assay c o n d i t i o n s  were  t h e  s a m e  as 

d e s c r i b e d  in  t h e  l e g e n d  f o r  F ig .  5. (a) 3 m M  M g 2 + a d d e d ;  (b )  n o  Mg 2+. 

25°C. The pyrophosphohydrolase  reaction was performed under varied concen- 
trations of Mg 2÷, but the pyrophosphatase reaction was performed under con- 
stant Mg 2+ concentration by adding a suitable quantity of Mg 2÷ before the 
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Fig .  9. E f f e c t  o f  Mg 2+ o n  A T P  p y r o p h o s p h o h y d r o l a s e  a c t i v i t y .  The  e n z y m e  was  a s sayed  as d e s c r i b e d  in  
t h e  t e x t .  
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second incubation. The results were shown in Fig. 9, and were in good agree- 
ment with those obtained by Dowex-1 chromatography. The optimal concen- 
tration for Mg 2+ was about 5 mM. 

Specificity of pyrophosphohydrolase 
In addition to ATP, plasmodial pyrophosphohydrolase hydrolyzed ITP 

and GTP to some extent,  while CTP and UTP were completely ineffective as 
substrates (Table II). As the table shows, the enzyme nearly failed to hydrolyze 
ADP. It was interesting that  5'-AMP was formed by the enzyme from the 
artificial substrate fl,7-methylene ATP. This result was in accordance with the 
fact that  the enzyme cleaves ATP at the position between a and fl phosphate. 

Effect of pH and of other compounds 
The enzyme had a broad pH opt imum around 7.0 (Fig. 10). Buffers used 

in the pH range examined were: pH 4.0--7.5, 2-(N-morpholino) ethane sulfonic 
acid; and for pH 7 .0-9 .0 ,  Tris/HC1. The activity was the same at pH 7.0 for the 
two buffers. 

Caffeine, which is an inhibitor of calcium transport in sarcoplasmic reticu- 
lum [11] and which causes fragmentation of plasmodium [12], had only a 
limited effect on pyrophosphohydrolase. 75% of the orginal enzyme activity 
remained on the addition of 3 mM caffeine. Neither ouabain nor oligomycin 
were effective as inhibitors of the enzyme. We have been unable to detect any 
inhibition of mersalyl at 10 pM. Lecithin was neither inhibitory nor stimulatory. 
Similarly, cyclic AMP, an activator of ATP pyrophosphohydrolase of a cellular 
slime mold Dictyosteriurn discoidiurn [13],  did not show any effect on our 
plasmodial enzyme. 
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Fig.  10.  p H  o p t i m u m  of  A T P  p y r o p h o s p h o h y d r o l a s e .  The  i n c u b a t i o n  m i x t u r e s  were  p r e a p r e d  in  d u p l i -  

ca tes ,  o n e  w i t h  5 ~tg a n d  t h e  o t h e r  w i t h  10 ttg i n o r g a n i c  p y r o p h o s p h a t a s e .  No  d i f f e r e n c e  in  Pi was  
o b s e r v e d  b e t w e e n  t h e s e  p a i r e d  i n c u b a t i o n s  a t  e v e r y  p H  t e s t e d ,  s u g g e s t i n g  t h a t  i n o r g a n i c  p y r o p h o s p h a t a s e  

was n o t  r a te  l i m i t i n g  o v e r  t h e  w h o l e  r ange  o f  p H  v a l u e s  t e s t e d .  O t h e r  c o n d i t i o n s  were  t h e  s ame  as 

d e s c r i b e d  i n  M a t e r i a l s  a n d  M e t h o d s  e x c e p t  t h a t  t h e  p H  was  va r i ed ,  c o 2 - ( N - m o r p h o l i n o ) - e t h a n e  

s u l f o n i c  ac id ;  • • ,  T r i s / H C l .  
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K m for A TP 
The initial rate of the enzyme reaction was measured at varied ATP con- 

centrations. Fig. 11 shows a Lineweaver-Burk plot of the initial rate, which 
gave a straight line over the range of ATP concentration examined. The Km 
calculated from the straight line was 2.0 mM, which was much higher than the 
values reported for several ATP-splitting enzymes (~ 10 .4 M). 

Temperature dependence of  A TP pyrophosphohydrolase 
Arrhenius plot for ATP pyrophosphohydrolase activity resolved itself into 

two straight lines with a transition point at about 18°C (Fig. 12). The energies 
of activation calculated from the slopes were about 6.7 and 11.4 kcal/mol 
above and below the transition temperature, respectively. 

In order to assure that  inorganic pyrophosphatase was not rate limiting, an 
experiment similar to Fig. 12 was performed where the inorganic pyrophos- 
phatase concentration was twice as much as the routine assays. The result was 
identical to that of Fig. 12 over the whole range of temperatures tested, indi- 
cating that the break in the Arrhenius plot was not an apparent one but 
reflected the ATP pyrophosphohydrolase activity itself. 

Molecular weigh t estimation of  A TP pyrophosphohydrolase 
The molecular weight of the purified enzyme was estimated by gel filtra- 

tion on a Sephadex G-200 column and by dodecyl sulfate polyacrylamide gel 
electrophoresis (Figs 13 and 14). Upon application to Sephadex G-200, the 
enzyme eluted at a region corresponding to a moh wt of 240 000, while the 
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Fig.  11. L i n e w e a v e r - B t t r k  p l o t  o f  A T P  p y r o p h o s p h o h y d r o l a s e  r e a c t i o n .  A s s a y  c o n d i t i o n s  were  t h e  s ame  as 

d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s  e x c e p t  t h a t  t h e  c o n c e n t r a t i o n  o f  A T P  was  va r i ed ,  

Fig.  12 .  A r r h e n i u s  p l o t  f o r  A T P  p y r o p h o s p h o h y d r o l a s e  a c t i v i t y .  T h e  i n c u b a t i o n  m e d i a  were  p r e p a r e d  in  

d u p l i c a t e s ,  o n e  w i t h  5 ttg a n d  t h e  o t h e r  w i t h  10  ttg i n o r g a n i c  p y r o p h o s p h a t a s c .  N o  d i f f e r e n c e  in  Pi was  

o b s e r v e d  b e t w e e n  t h e  p a i r e d  t u b e s  o v e r  t h e  w h o l e  r a n g e  o f  t e m p e r a t u r e s  t e s t e d .  
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Fig. 13.  E s t i m a t i o n  o f  m o l e c u l a r  w e i g h t  o f  A T P  p y r o p h o s p h o h y d r o l a s e  b y  gel  f i l trat ion of  S e p h a d e x  
G-200 .  The  c o l u m n  s ize  was  1.1 X 80 c m  and e l u t i o n  was  p e r f o r m e d  w i t h  0 . 0 5  M Tris /HCl  buf f er ,  p H  7.6.  
(a) c y t o c h r o m e  c ( tool .  wt.  13 500) ;  (b) o v a l b u m i n  (43  0 0 0 ) ;  (c) serum a l b u m i n  (67  0 0 0 ) ;  (d) serum 
a l b u m i n  d i m c r  ( 1 3 4  0 0 0 ) ;  (e) "~-globulin ( 1 6 0  0 0 0 ) .  T h e  arrow ind ica te s  the  K d value  of  A T P  p y r o p h o s -  
p h o h y d r o l a s e .  

Fig. 14. E s t i m a t i o n  o f  m o l e c u l a r  w e i g h t  o f  A T P  p y r o p h o s p h o h y d r o l a s e  us ing 7.5% p o l y a c r y l a m i d e  gel 
c o n t a i n i n g  0 .1% s o d i u m  d o d e c y l  su l fate .  A b o u t  10  pg  of  s tandard p r o t e i n s  and  the  pur i f i ed  e n z y m e  
treated  w i t h  1% s o d i u m  d o d e c y l  su l fa te  and w i t h  5% f l - m e r c a p t o e t h a n o l  w e r e  s u b j e c t e d  to e l e c t rophores i s  
at p H  7.2 .  A current  o f  6 m A / t u b e  was  suppl i ed  for 6 h at r o o m  t e m p e r a t u r e .  C o o m a s s i e  b lue  was  used  as 
tracking  d y e .  The  gel  was  s ta ined  b y  a m i d o  b lack  1 0 B  and des ta ined  e l e c t r o p b o r e t i c a l l y .  The  p h o t o g r a p h  
s h o w s  the  e l e c t r o p h o r e t i c  pa t tern  o f  the  pur i f i ed  e n z y m e  s ample .  (a) p h o s p h o r y l a s e  a (mol .  wt .  9 4  000) :  
(b) alkal ine p h o s p h a t a s e  I ( 6 9  0 0 0 ) ;  (c) o v a l b u m i n  (43  0 0 0 ) .  The  arrow ind ica te s  the  m o b i l i t y  o f  the  A T P  
p y r o p h o s p h o h y d r o l a s e .  

molecular weight obtained in dodecyl sulfate gels where samples were fully 
reduced and dissociated was 56 000. These results suggested that the enzyme 
ATP pyrophosphohydrolase was made up of  four similar, if not identical, poly- 
peptide subunits. 

Discussion 

The mechanisms operating in the streaming protoplasm of the plasmo- 
dium has been suggested to be similar to those of muscular contraction [1 ,2] .  
Vesicles similar to the endoplasmic reticulum of the striated muscle were found 
to accumulate Ca 2+ in the plasmodium [14] .  This finding prompted us to study 
whether plasmodium would contain Ca2+-transport ATPase. In studying plas- 
modial enzymes along this line of investigation, Ca 2+-stimulated ATP hydrolysis 
by crude extract from ~the plasmodium was observed by us and at the same 
time by Matsumura and Hatano [10] .  During the course of the purification of 
the enzyme, however, it became evident that the enzyme was of quite a dif- 
ferent character both in localization and in mechanism of ATP hydrolysis from 
the Ca2+-transport ATPase of the striated muscle. In fact, the hydrolysis of 
ATP by a crude extract of  the plasmodium was found to be catalyzed by two 
distinct enzymes, one being ATP pyrophosphohydrolase and the other, inor- 
ganic pyrophosphatase, as reported in the Results. 

The possibility was excluded that ATP was hydrolyzed to 5'-AMP and Pi 
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by other enzymes such as ATP diphosphohydrolase (apyrase) or the adenylate 
cyclase/phosphodiesterase/inorganic pyrophosphatase system. 

The plasmodial pyrophosphohydrolase was a soluble enzyme rather than a 
consti tuent of membranous structures. The possibility that  acetone treatment 
might have solubilized the enzyme which was originally bound to the mem- 
brane was also ruled out by the fact that  the enzyme was extracted in the 
soluble fraction even without  acetone treatment.  The fact that  the enzyme 
activity was not  affected by lecithin, along with the stability against acetone 
treatment,  suggested that  the enzyme was not a lipoprotein. 

The function of the pyrophosphohydrolase in the economy of the plas- 
modium is not understood yet. It is, however, to be noted that  the ATP level in 
the plasmodium must be extremely low if the enzyme is kept fully active, that 
is, if the free Ca 2÷ level in the plasmodium is high enough and available to the 
enzyme all the times. This means, in turn, that  Ca 2+ regulates the ATP level in 
the plasmodium by regulating the ATP pyrophosphohydrolase activity. 

The protoplasmic streaming has been suggested to be regulated by low 
concentrations of Ca 2÷ [12] and ATP level [15] in the plasmodium. It is 
tempting to suppose that the pyrophosphohydrolase described here has a role 
in this regulating mechanism. The Km for Ca 2+ of the enzyme may be too high 
to be directly involved in the regulation (cf. Fig. 1). However, we have still 
little information about intraplasmodial compartmentat ion or uneven distribu- 
tion of Ca 2÷ as well as the enzymes participating in the regulation. On the other 
hand, other physiological roles are quite possible for the pyrophosphohydro- 
lase. Further study seems to be required for conclusion. 

Finally, we should describe an additional result that  we could not provide 
any evidence for the presence of ouabain-sensitive Na÷,K÷-activated ATPase in 
the plasmodium. 
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