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A magne-~i~:m-dcpepdent a-phosphatidic acid pho~phata_ge is pre~ent in the ery- 
th rocyte  membrane  which is s t imulated by ~o,.li.tm. and to a les.ger ex ten t  by lithium. 
,qLmmcmiurn, imta.gsium and rubidium. Cesium produce~ little or no st imulation.  No 
magnes ium-dependent ,  sodium-st imulated,  ;.ctivitv wa_s obserx-ed with fl-phos- 

I -  " t phat idic  acid or lysophosphatidic acid; but both of the~e substrates w e r e  :.vdrol.x zed. 
a-Glycerophosphate  was hydr.~lyzcd very ,c, cbly. P, eryll ium inhil3ited the mag 
nesium-dependent  phosphat idic  acid phosphata.-~; 30% at xo -a M and completely 
a t  zo -a hi. Cesium and fluoride inhibited the .qodium st imulat ion of the rnagm~l- 
urn-dependent  ghosphat idic  acid p h o s p h a t , ~ .  The initial phf~sphatidie acid p|tos- 
pha tase  ac t iv i ty  was at least 4T.6 m/amoleslmg dry  weight of ghogts/h, wllich 
compares faw>rably with the ac t iv i ty  of the Na '  :- K+-dependent.  ol |abain-inhi- 
bitable ATPase  in the erythr~x:vte membrane ;  this is compatible  ~-ith the idea 
t h a t  phosphati,m;- :,~id ph,~pb~t~ . . . . . . .  ¢'~'c*.!"~ ~'- W,"t of the Na ~ -- K ~-depend- 
ent  ATPnse. 

I N'I" I(( I!)~:CTION 

Evidence has been presented tha t  sodium tran.~port i~ coupled to the renewal of 
phosphate  in phosphat idic  acid and tha t  this renewal is catalyzed by the combined 
act ion of ctiglyceride kinase and phosphat idic  acid pho~phatase ~-s. This mechanism 
has been te rmed the  phosphatidJc acid cycle, In the previous paper 4 it wa_~ shown 
tha t  diglyceride kinase is p r e ~ n t  in the e ry throcyte  membrane,  and its act ivi ty  is 
sufficient to account for the rates of  ,~dium transport  in this  s t ructure  (bas~t on a 
r~.tio o f  3 Na+ per ATP). In this  paper a Mgt~'-dependent phosphat idic  acid pho~- 
phatase  has been shown to be p r e ~ n t  in the crythrc×:ytc membrane  attd to have an 
ac t iv i ty  which is of  the same order of  ma/~mitude a_~ the diglyceride kina.;e. The 
Mga+-dependent phosphatidic acid ph,}sphatase act ivi ty  appears to be a dist inct  
enzyme from the Mg~+-independent act ivi ty.  The Mg¢'-dependent  act iv i ty  is s t imu- 
la ted by  sodium and to a l e s~r  ex ten t  by ix}ta.~--ium and l i thium. The effects of  cer- 
ta in  inhibitors on phosphatidic acid phosphatase ~]ave a l ~  been studied. Prel iminary 
repor ts  of  t h i ,  work have been presented t.a.s. 
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Preparation mot storage of erythroc.yte membranes 

E r y t h r o c y t e  gho~.ts were  p r e p a r e d  as  desc r ibed  in t h e ' p r e v i o u s  p a p e r  *. W~th t h e  
e x c e p t i o n  of  the  e x p e r i m e n t  sboxvn in "Fable V I I I  t he  g h o s t s  were  s u s p e n d e d  in 
5" t o ' *  M i m i d a z o l e - h i s t i d i n e - T r i s  bu f fe r  (pH. 7 . I  ) a n d  ~ tored  for  as  lor,g as s e v e r a l  
m o n t h s  a t  • -2o °. In  t h e  e x p e r i m e n t  s h o w n  in T a b l e  V I I I  t he  ghos t s  "¢,'ete s t o r ed  as 
de ,~ r ;bed  in t h e  p r e v i o u s  p a p e r ;  i.e., xo -4 bl cys t~ ine  w a s  a d d e d  to  t h e  buffer ,  a n d  
the  ghos t s  were  s t o r e d  in d r y  ice. 

.-1 ssay for phost>hatidic acid phosphatase activity 

I n  m o s t  of  t h e  e x p e r i m e n t s  r e p ~ r t e d  here ,  naP-label led p h o s p h a t i d i c  ac id  
( syn thes i zed  f r o m  di tdein  as  d e s c r i b e d  be lnw)  w a s  u ~ d  as t h e  s u b s t r a t e  anti  phos -  
p h a t i d i c  acid  ph , r spha ta_~  :cti,.'.it.~., w a s  a s s a y e d  b y  m e a s u r e m e n t  o f  t h e  a m o u n t  o f  
i a2Pjor thoph~rspha te  l i b e r a t e d .  E r y t h r o c y t e  g h o s t s  we re  i n c u b a t e d  in an i m i d a z o l e -  
h i s t i dane -Tr i s  buf fe r  ( p H  7.x) which  t . on ta ined  [ a t P ] p h o s p h a t i d a t e  a n d  o t h e r  add i -  
tion.~ for  x h a t  37.5 ¢. t he  e x a c t  c o n d i t i o n s  o f  i n c u b a t i o n  are g i v e n  in t h e  t a b l e s  a n d  
figures.  A f t e r  i n c u b a t i o n ,  o .05  ml  o f  an  a q u e o u s  xo°:,,o so lu t i on  o f  a l b u m i n  w a s  
a d d e d  to  the  x ml  o f  i n c u b a t i o n  m i x t u r e ;  x mi  of  co ld  ~ o %  t r l c h n r o a c e t i c  ac id  w a s  
t h e n  added .  T h e  m i x t u r e  w a s  c e n t r i f u g e d  a n d  t h e  s u p e r n a t a n t  f luid w a s  t r a n s f e r r e d  
to  a t z - m l  c a p a c i t y  con ica l  c e n t ~ f u g e  t ube .  W e t  e t h e r  (2 ml~ was  a d d e d  a n d  t h e  
m i x t u r e  w a s  m i x e d ,  u s ing  a r a p i d  p i s ton - l i ke  m o v e m e n t ,  ~with a g lass  r o d  wh ich  
h a d  a f lange fa_shioned a t  t he  lower  end .  A f t e r  t h o r o u g h  m i x i n g ,  t h e  t w o  p! tases  w e r e  
a l lowed  to  g e p a r a t e  a n d  t h e  e t h e r  w a s  r e m o v e d  b y  a s p i r a t i o n ,  T h e  e x t r a c t i o n  w i t h  
e t h e r  w a s  r e p e a t e d  t w o  a d d i t i o n a l  t ime~.  (The  e x t r a c t i o n s  ~with e t h e r  were  c a r r i e d  
o u t  in o r d e r  to  r e m o v e  t h e  smMl  a m o u n t s  o f  [ a~p]phosph~ t id i c  ac id  w h i c h  h a d  re-  
m a i n e d  ire t h e  t r ichloroacet i .c  ac id  s u p e r n a t a n t  ~ ) iu t ion . )  A i - m l  a l i q u o t  o f  the  a q u e o u s  
p h a s e  w a s  d r i ed  on  an  a l u m i n u m  p l a n c h e t  a n d  ~ou,~tcd. 

In  or t ier  t o  c h e c k  t h a t  th is  w a s  a v a l i d  m e a s u r e  o f  t h e  o r t h o p h o s p h a t e  l i b e r a t e d  
f r o m  phr , spha t idJc  ac id ,  r a d i o a c t i v e  o r t h o p h o s p h a t e  was  e s t i m a t e d  in t h e  in i t i a l  ex -  
p e r i m e n t s .  Thi~ was  ca r r i ed  ou t  b y  an  a d a p t a t i o n  of  t he  m e t h o d  o f  BEI~F.NnLtrM ANt) 
CXAL~ G for  the. e s t i m a t i o n  of  o r t h o p h o s p h a t e .  T h e  m e t h o d  u t i l i zes  t h e  f ac t  t h a t  
p h o s p h o t n o l v b d a t e  ( f iwmed t r o m  t h e  o r t h o p h o s p h a t e )  c,-m b e  q u a n t i t a t i v e l y  ex-  
t r a c t e d  f r o m  a q u e o u s  so lu t i on  int~) i s o b u t a n o l .  T h e  e t h e r - w a s h e d  t r i c h l o r o a c e t i c  
e x t r a c t s  were  m a d e  u p  t o  7 ml .  T o  these  w a s  a d d e d  o,5 m l  o f  xo N H , S O  4, f o l l owed  
by 2.5 ml of " " :  . a / o  a m m o n i u m  m o l y b d a t e ,  xo m l  o f  i s o b u t a n o l  w e r e  t h e n  a d d e d  a n d  
t h e  m i x t u r e s  were  shaker ,  in s e p a r a t o r y  f u n n e l s  for  x m i n .  T h e  i s o b u t a n o l  e x t r a c t s  
were  t r a n s f e r r e d  to  : to-ml g r a d u a t e d  t u b e s  a n d  m a d e  u p  t o  zo m l  w i t h  e t h a n o l .  
A l iquo t s  were  p l a t e d  in o .5-ra l  b a t c h e s  a n d  c o u n t e d .  C o n t r o l s  w i t h o u t  a d d e d  m o l y h -  
d a t e  were  r u n  to  c o r r e c t  for  t he  e x t r a c t i o n  o f  a n y  o r g a n i c  s i p  i n to  t h e  i s o b u t a n o l .  
"I'.rae resu l t s  f ron t  th i s  p r o c e d u r e  i n d i c a t e d  t h a t  all o f  the  ac id - so lub l e  ~'-P r e l ea sed  
d u r i n g  the  i n c u b a t i o n  of  e r y t h r o c y t e  m e m b r a n e s  w i t h  [~P_' . 'phosphatidie ac id  w a s  
in t h e  o r t h o p h o s p h a t e  fo rm.  N o  [~P io re~hophospha t e  w a s  f o u n d  a f t e r  i n c u b a t i o n  
o f  bo i led  m e m b r a n e  w i th  t h e  s u b s t r a t e .  T h e  a m o u n t  o f  a c id - so lub l e  o r g a n i c  p h o s -  
p h a t e  in the. ~ t h e r - w a s h e d  t r i c h t o r o a c e t i c  ac id  e x t r a c t s  w a s  very. c o n s t a n t  a n d  w a s  
less t ha~  3oq.b o f  t h e  s m a l l e s t  a m o u n t  o f  o r t h o p h o s p h a t e  U b e r a t e d  in t h e s e  e x p e r i -  
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m_ents. P-,oil~H ~_'ontrols ,~r n o n - e n z y m e  c~.tr,M~ were  r o u t i n e l y  run  to correct  for  
th is  ac id - so lub le  o rgan ic  phosi~hate ,  tn  s o m e  exper i ro  .~ts whe re  a n  a~s;ty o f  on ly  
t h e  M g t - - d e p e n d e n t  p h o s p h a t i d i c  acid  pi tosphata.~e was  requ i red ,  tht~ e~:zyme in- 
c u b a t e d  wi th  all c o m i x m e n t s  e x c e p t  .X~g 2~ s e r v e d  as  the  con t ro l .  

E a c h  v a l u e  repo.- ted u n d e r  RV:SVLT.~ ropre.~.nt.~ all  a v e r a g e  o f  t r ip l i ca t e  or  
q u a d r t t p l J c a t e  incubati tm.~.  T h e  rep rodu t : ib i l t tv  w~.: qu i t e  good ;  fo~ exaJnp le ,  m arn 
e x p e r i m e n t  in wh ich  5 ~ets ~ f  q u a d r u p l i c a t e  incubav:iun~ were  c:,.rTied ou t  the  average.  
* t a n d a r d  e r ro r  o f  t h e  ir lean for  the  acid~solub;e  r a d i ~ a c t i v i t v  for each  set  ~f  q u a d r u  
p l i e a t e i n c u b a t i o t t s  r a n g e d  f rom I . r  °/0 tt, ~.3°..;~ ,~f the  vaLue fi~r the  m e a n .  

In  a few p h o s p h a t i d i c  ac id  p h o s p h a t a s e  ; ~ a y s ,  ~ ind ica ted ,  un |abe | | e~!  (d~ole'.,.~) 
p h o s p h a t i d i c  ac id  ( s y n t h e s i z e d  f r o m  diolein a~ desc r ibed  below) was  u~e.¢l ~t~ t h e  sub-  
s t r a t e  a n d  p h o s p h a t i d i c  ac id  phc,~phata.~,  a c t i v i t y  w a s  mez-.~ured b y  the  re lease  of  
o r thopho .~pha te .  A f t e r  i ncuba t i em,  coJd 5¢)°.~, trichl¢~roacetic acid  w a s  a d d e d  t¢~ the  
i n c u b a t i o n  m i x t u r e  to  g ive  a f inal  c o n c e n t r a t i o n  o f  50:~; the  m i x t u r e ~  were  cen t r i -  
fuged .  O r t h o p h o s p h a t e  in the  s u p e r n a t a n t  fluid was  ez~timated b y  the  m e t h o d  of  
BARLET$ ?. 

.~yngkesin o f  3~P-h~belled phosphal id ic  aciJ  

P h o s p h o r i c  acid  ( 8 5 % )  was d r ied  o~ 'e rn igh t  a t  I xo ~ a n d  t h e n  s t o r ed  in a cle~i-  
e a t e r  o v e r  P~O~. An a l i quo t  of  ~ P  in dilute; H()I o b t a i n e d  f r o m  O a k  R i d g e  N a t i o n a l  
L a b o r a t o r i e s  was  d r i ed  u n d e r  N 2 in a zS-ml p e a r s h a p e d  f lask wi th  a gTouncl j~fint. 
A n h y d r o u s  p h o s F h o r i e  ac id  (4-3 mmole,~) w a s  t hen  a d d e d  to  the  ~2p. 12,9 m m o l e s  
o f  I 'CI  6 were  a d d e d  i -  t iJrec bat~:i~es tn t h e  p h o s p h o r i c  ac id  a n d  lef t  a t  r o o m  t e m p e r a -  
l u r e  un t i l  t h e r e  w a s  no v i s ib le  r eac t ion .  T h e  m i x t u r e  w a s  t h e n  re f luxed  for  r 5 rnin 
un t i l  a c l ea r  s o l u t i o n  re.~ulted. In  t h e  ear l ie r  e y p e r i m e n t s  t h e  r eac t i nn  p r o d u c t  was  
d is t i l l ed  to  o b t a i n  p u r e  a~POCI~, i t  wa_,, s u b s e q u e n t l y  f o u n d  t h a t  th is  was  no t  
n e c e s s a r y ,  a n d  losses of  ~ P O C I  3 on the  wal ls  ~ f  the  g l a s swore  could  t~e conse-  
q u e n t l y  r e d u c e d .  

x 7 m m o l e s  o f  d io le in  ( b a t c h  D47-D( ; ,  k i n d l y  supp l i ed  b y  l)i-¢tiP.ation P r o d u c t s  
I n d u s t r i e s )  w e r e  d i s so lved  in xo m l  o f  d r y  p y r i d i n e  a n d  th i s  was  a d d e d  to  tile 
~ P O C ]  a a t  o °. T h e  r eac t i nn  w a s  a l l owed  to  p r o c e e d  a t  o ° for  I h a n d  t h e n  a t  r o o m  
t e m p e r a t u r e  fo r  r 5 rain.  T h e  c o n t e n t s  o f  t h e  f lask were  t r a n s f e r r e d  ~$'ith x(x>-z5o ml  
o f  e t h e r  t o  a 25o-rnl  E r l e n m e y e r  f lask,  a n d  a .~mall a m o u n t  r~f ice w a s  added .  T h e  
e t h e r  s o l u t i o n  w a s  w ~ h e d  succ~--~'dvely w i t h  z5o, xz 5 a n d  t25  ml  o f  cold x N HCI.  
fo l lowed  b y  z~5 m i  o f  co ld  o . i  N HCi.  T h e  f inal  e t h e r  e x t r a c t  was  t a k e n  alma,.st to  
d r y n e ~  in a f lash e v a p o r a t o r  a t  30". T h e  e x t r a c t  w a s  then  t r a n s f e r r e d  wi th  a smal l  
a m o u n t  o f  e t h a n o l  to  a 25o -m l  b e a k e r  a n d  t i t r a t e d  to  a b o u t  p H  7 wi th  o.54 N 
e t h a n o l i c  N a O H .  u s ing  b r o m t h v m o l  b lue  as  the  p H  ind ica to r .  T h e  s o d i u m  phos-  
phat ickate  s e p a r a t e d  a_s a s l i gh t ly  t~nn;.sh -=)'~PT-" m a t e r i a l .  Ti le  ~ d i u m  pho.~l)i~atkiai~ 
w a s  w a s h e d  twice  w i t h  co ld  e t h a n o l  b y  stiuTing fo l lowed b y  d e c a n t a t i o n  a n d  was  
t h e n  d r i e d  i n  vacuo o v e r  N a O H .  

T o  p r e p a r e  t h e  Tr i s  p h o s p h a t i d a t e ,  t h e  s o d i u m  p h o s p h a t i d a t e  w a s  d i s so lved  in 
a m i n i m u m  o f  e t he r ,  a n d  a b o u t  2 - 4  vo|ume-,~ of  w a t e r  were  a d d e d  to  g ive  a s t a b l e  
e m u l s i o n .  T h e  e m u l s i o n  w a s  d i a l y z e d  a g a i n s t  a t  Iea.~t xoo v o l u m e s  o f  0.o2 M Tr i s  
bu f f e r  ( p H  7.4.} w i t h  t h r e e  c h a n g e s  o v e r  t h r e e  success ive  days .  A f t e r  d ia lys i s  t h e  
p h o s p h a t i d a t e  wa-~ h o m o g e n i z e d  in a P o t t e r . - E l v e j h e m  h o m o g e n i z e r .  T h e  f inal  ~thi te  
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e,nuL~itm was stored in the fro/~en s ta te  at  --20 °. The Tris phosphatid~,te had a 
specific act iv i ty  of ahnut  IOO ooo counts/min//~mole when prepared. I t  coukt be 
convenient ly z::;~'d for as.sa3~ing pllo~,phatidic acid phosphatase in e ry thr tmyte  mem- 
brimcr until  i¢.s specific ac t iv i ty  had fallen (by radioactive decay) to about  Io ooo 
count s/minl/anatde. 

C ' l romatography  of the [atp~phosphatidate on silicic ar id impregna ted  paper a 
revealed tha t  qS'},'o of the radioact iv i ty  was in phosphat idic  acid mxd 5~'o was in 
|ysophospha~idic acid. Analysis of the phosphat idic  acid for a- add  ~-phusphat idic  
a~id [see bch,w] revealed t h a t  70°/, was B-phosphatidic acid and 30% was a-phos- 
phat idic  acid. "|'hese pe r cen t ag~  m a y  be taken  as those for x, 3- and r.2-diolein, 
rc.~pectix.ely, in the commercial  diolein preparat ion.  

Analysis of the phospLatidic acid for the a- and fl-isomcrs was performed a,s 
folh~ws, The radioactive pho~phatidic acid was deacy la ted  by tile me thod  of  DAwsoN! 
The ~x- and ~-glycerophosphates were then  separa ted by paper ch roma tog raphy  on 
\Vha tman  No. x paper  wi th  methy lceUoso lve-methy le thy lke tone-  3 N ammon ium 
hydroxide  (7 : z : 3) ,saturated ~ t h  boric acid t°. After  ch roma t (~ raphy ,  the giycero- 
pho ,pha te  spot~ were either stained by the me thod  nf W A D E  AND I~IORGAN it or 
autoradiographecl t~n Kodak  .No Screen X-ray film; the  spots were cu t  out  and 
counted.  

fl--*aPiPhosphatidic acid wa~ s~mtb~ized ~ described ahove f rom x,3-diolein. 
which was prepared by recrystat l ization o f  the  commercial  diolein in e thanol  seven 
time~. (O|eyl)ly.~o : .~P]phosphatidic acid was synthesized from a-monooie[ix as 
desct'ihed previously x° and  was provided by Dr. R. A. PIERINGER. a-Glycero-[aaP~ - 
t . . . . .  v"  .... %'nthe'_-ized as described previously to. 

RI~SUt.TS 

Effect of mag,|e,~i,m ions on the hydrolysis of phosphatidic acid 
Pho.~phatidic acid wa.g hydrolyT, ed when incubated with  e ry th rocy te  ghosL~. 

This hydrolysis  was marked ly  s t imula ted  by  low concentra t ions  of  MR a+. This effect 
of Mg ~ was similar to  tha t  previously shown for phosphat id ic  acid phosphatase  
act ivi ty  in deoxychola te  ex t rac ts  of brain microsomes it. In  e ry th rocy te  ghosts,  the  
op t imum Mg ~¢ concentrat ion was about  o,oox M {Fig. I). Wi th  higher  concentra-  
tions of Mg ~, the phosphat idic  acid phosphatase  ac t iv i ty  was inhibited.  This coin- 
cided with vi ~ible precipi tat ion of the phospha t ida te  as insoluble magnes ium phos- 
phatidat¢.  Sht|lH et a~. t~ reported t h a t  o.oox-o.oo 3 M Mg t+ profoundly  inhibi ted 
]~F,,=~'phatidic ~cid phosphatase.  These workers sugg~,~ted t h a t  the inhibi t ion was 
i~rol~ab|y due to the  forraatinn of insoluble magnes ium phosphat ida te ,  since the  in- 
hibition 5y magnesium was less a t  pH  6.3 than  a t  pl-I 7.4- The inhibi t ion of  ph0s- 
phat idic  acid ph,-~ph~ta~e by magnesi t tm m a y  be due in par t  to factors e,',3aer than  
st~lubility of the substrate.  For  example in studies on solubilized k idney  phosphat idic  
acid phosphatase magnes ium does not  appear  to  s t imulate  e n z ~ a e  ac t iv i ty  over a 
fairly wide range of concentra t ions  and  inhibits  enzyme ac t iv i ty  at  the  same con- 
cent ra t ion  which in the e ry throcy te  membrane  sys tem shows m a x i m u m  s t imula t ion  it. 
Washing  of e ry throcyt~  ghosts  or t r e a t m e n t  of  k idney  enzyme with o.oox M E D T A  
did not al ter  the effects of  magnes ium on enzyme act iv i ty ,  bu t  it  is possibie t h a t  
traces of  Mg t4 a=c firmly bound to the enzyme.  Fig .  x indicates t h a t  in the  e ry th rocy te  

Bioe.kim. Biophy.,. Ac¢,~, 67 (t96~} 482-497 
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8 

1~ 1 i 1 1 i I 
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Mcj 2 *  ¢ o e ~ z n  ~lvl) 

Fig .  I .  F.ffect o f  Mg "-t t)n p h , ) s p h a t l d t c  acid  p h o s p h a t a s e ,  f - r v t h r o c y t e  g h o s t s  w e r e  i n c u b a t e d  in 
I . o  m l  o f  i n c u b a t i o n  m e d i u m  a t  37 ° fo r  t h. T h e  i n c u b a t i o n  mc~l inm co'~taine,-I t h e  fo l l t )wing  
s u b s t a n c e ~  { e x p r e s s e d  a s  f ina l  c o n c e n t r a t i o n )  : 0 .003  M T r i s  {dloh:yl) ~ a a P ] | ) h o s p h a t i d ~ t e ,  0 .03 .~1 
i m i d a z o l e - h i s t i d i n c - T r i s  bu f f e r  ~pH 7.I} a n d  ~t. t6 .X|  NaCI.  M c S O  8 w a s  a d d e d  as i n d i c a t e d .  
H ,  g h o s t s  p r e p a r e d  in t h e  u s u a l  w a y ;  ~ ,Y),ghosts p r e p a r ( : d  in t h e  u s u a l  w a y  an t i  t h e n  
w a s h e d  t w o  t i m e s  w i t h  o . o o [  At E IY I 'A  a n d  f ina l ly  .~uspcnd~.d in 5 " t ° t  M i m i ( h t z o l c - h i s t i d i n ~  

"i'ris b u f f e r  [ p H  7.1). 

membrane system phosphatidic acid pllosphatase activity is almost completely de.- 
pendent on the p r e p u c e  of  magnesium.  Unless ~:hcr.-Ase izldicated, the da t a  pre-  
sen ted  here will be expressed as t h e "  Mg ~ ' de~xmdent phosphat idic  ;~cid ph(~sphata.~e." 

Effecg of Na  ~, K ", and other rnonovate*~t cations on phospkatidi¢ acid phosphatase 

Na + markedly enhanced the Mg~--dependent phosphatidic acid phn~phatase 
act ivi ty  (Fig. 2). The opt imum Na-  concentraticm ranged from ~). I to o.r5 M. Con- 

"i 

g 

F, 

4 - -  

/ 

[ 
o,  t I F I I 

O ~ o.1 o.15 0+2 0.245 
I ~  oe g" cocw.rL {M} 

F ig .  2. E f f e c t  o f  N:t~ a n d  K "  o n  t h e  M g * ' - d e p ~ n d e n t  p h o s p h a t i d i c  ac id  p h o s p h a t a s e .  E r y t h r o c y t e  
g h o s t s  w e r e  i n c u b a t e d  in  x.o m l  o f  i n c u b a t i o n  m e d i u m  a ,  37 ° fo r  x h. T h e  i n c u b a t i o n  m e d i u m  
c o n t a i n e d  t h e  foUowt~l~t s u L ~ t a n c e s  ( e x p r e s s e d  a s  f ina l  c o n c e n t r ,  t t i o n ) :  0 .0o3 M T r i s  (d io leyI )  
r ~ I a l p h o s p h a t i 0 a t e ,  o . o  3 M imid~tzo lc - -h i s t id ine  T r ~  b u f f e r  ( p H  7.z) a n d  o . o o o 8  3d MgSO~.  

N a C !  o r  KCI  w a s  a d d e d  a s  i n d u r a t e d .  

Biochim.  B iopkys .  A¢t~s. ~7. ( n ~ 3 )  485  "497 
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c e n t l a t i o n s  of  N a  + f r o m  o. x5 M to  0.25 M i n h i b i t e d  t h e  M g a + - d e p e n d e n t  p h o s p h a t i d i e  
ac id  pho.~phatase .  T h e  N a  ~ c o n c e n t r a t i o n  for  h a l f - m a x i m a l  s t i m u l a t i o n  w a s  0.030 M. 
P o t a s s i u m  also stimulated t h e  M g t ' - d e p e . n d e n t  p h o s p h a t a s e  {Fig. 2). T h e  e f fec t ive -  
ne.~s of  K ~ in a c t i v a t i n g  p h o s p h a t i d i c  ac id  p h o s p h a t a s e  r a n g e d  f r o m  x5 to  x o o %  of  
t h a t  o f  N a - ,  d e p e n d i n g  on  the  p r e p a r a t i o n  o f  m e m b r a n e s .  T h e  h a l f - m a x i m a l  con-  
c e n t r a t i o n  t,f K ~ w a s  vet3., c lose  to  t he  h a l f - m a x i m a l  c o n c e n t r a t i o n  o f  N a  +. 

The efft.-cts o f  variot~s m o n o v a l e n t  c a t i o n s  on p h o s p h a t i d i c  ac id  phospha ta .~e  
a c t i v i t y  in the  p re sence  a n d  a b s e n c e  o f  Mg t* a re  s h o w n  in T a b l e  I.  In  E x p t .  x o f  this 
Taifle ,  in the ab.~encc o f  a m o n 0 v a l e n t  ca t i on ,  Mg t* h a d  n o  effect  on  t h e  t o t a l  phos -  
piaat idic  ac id  p h 0 ~ p h a t a s e  a c t i v i t y .  E x p t .  2 o f  T a b l e  I is m o r e  repre .~enta t ive  6f  the 

"I'A B I . E  [ 

F b q ~ E ~ T  OF V A R I O U S .  C A T I O N ~  O N  P I ' I ~ . P I 4 A ' I ~ I D I C  ACl[~ P H O S P t | A T A S E  

IN" I ~ R Y T H R O C V T E  G H t ~ T S  

All  m o n o v a l t ,  n t  c a t i o n s  w e r e  p r e s e n t  i n  a t : t>neen t . r a t i on  o f  o. zc'm M. O t h e r  c o n d i t i o n s  w e r e  a s  
i n  Fig+ z. 

P h ~ u :  a.ct*l p6o~.ph~a~ 
a~ltrify 

(~a~ma,ledfm,g dry = t. ) 

r o ,= i  " .~r ~ . .,L, j , , , , a~ ,~  

l N o n e  5 . 1 o  
3'Ig ~' 5. t o  
~a + 3.10 

N a "  - . . M g  2+ 9 . 1 o  0 o o  
1"~ ' 5-07 

I . i"  -i- Mg ~ 9 . 2 o  4 . 2 8  
Rb+  4.~,7 
l~,b .... MR ~- G.o 7 ".,t.ot, 
C s "  5 . 3 0  
<d~"-I i g  t+ 5 . z o  o. l o  
N H  t" 4 . 0 7  
Nl'-1-, t -; MR :+.+ <~.o 7 ~+oo 

"+ N o n e  4 .6z  
MKJ' 9 .°O 4-44 
~qa* 3.0,B 
N a +  ~- M g i *  13.22 q+24 

majority of experiments;  in this experiment there was some Mg=~-dependent phos- 
phatidic acid phosphatase activity in the absence of monovMent cations. In the 
absence of  Mg'-.', 0 . :6  M Na+ usually inhibited the hydrolysis  o f  phosphatidie a ~ d  
slightly; at lower conce~tra+ [on~..N~t+ did not inhibit the hydrolysis in the absence 
()f blg 2+ and in some cases it st imulated it somewhat.  The slight st imulatory effect 
of  lower Na:  concentrations in the absence of  added big sT was not abolished by  
wasiling the preparations twice with o.oox M EDTA.  

Na + consistently st imulated the Mg|+-dependent phosphatidic acid ph(mpbatase 
activity.  In Expt.  x, Table !, the Mg=+-dependent phosphatidie acid phcmphatase 
act ivity  observed in the presence of Na+ was greater than that observed in the. pr~. 

H i o c h i m .  ~ i o p h y s .  A¢#a,  0 7  ( 1 9 6 3 )  4 8 5 - 4 9 7  
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sence o f  a ~ar ie tv  of  mo i ,ova l en t  ca : ions .  I-{ast,c.I c ,n  IOO for the  Mg2*-dependen t  
p h o s p h a t i d i c  acid phospha ta~¢  ill the presence  ~>f Na"  the  o the r  , n o n o v a h : n t  ca t ions  
s h o w e d  the  folln~-ing ac t iv i t i e s :  L i ' .  7z; N i l  C,  33; R b ' .  33:  K" ,  iS;  Cs- .  o. In  s o m e  

p r e p a r a t i o n s  of  ghos t s  (see for examlfle Fig. 2 )  the difference be tween  NA ~" and  K ~ 
was les.~ s t r ik ing ;  ill fact. p o t a s s i u m  was  a~ effcct i \ 'e  it, s(x]ium in .some c:xpcrim._~nts. 

F.ffect of substrate concentration and of mem6ra.ne :on,r~ztratioJt on the ?,4g"~-dependent 
phosphatidic acid flhosflhatase activity 

Fig. 3 shows  the  effect o f  m c r c ~ i n g  concc~l=,zicms of  p h o s p h a t i d a t e  on tile 
MgZ- -depcnden t  pho.sphat idic  ac id  |:ho.~pbatage~ The op t i tpu ,n  co l lc t 'n t ra t ion  of  
p h o s p h a t i d i c  acid was  a b o u t  o.oo 3 M. whi~:h would  be. o .ooo45 M with  respec t  to  L- 
a - p h o s p h a t i d i c  acid. I t  will be n o t e d  hi F i g  3 tha t  c ,mcent ra t ion~  of  plt(~.~pbatidate 
m u c h  h igher  tha.n o.0o 3 M inhibit t ,d e n z y m e  a c t i v i t y  .-.om,.,w',::,t. The  M g ' * - d e p e n d e n t  
pho.~phatidic acid p h o s p h a t a s e  a c t i v i t y  wa.~ r o u t i , e t y  assa3"ml at  the  o p t i m u m  ~ub- 
s t r a t e  c o n c e n t r a t i o n .  

7, 

/ 
, , , , 

O 00()~ 0 . 0 0 3  O . 0 0 ~  0.C~07 0.009 
~,/~- F'~-~,~v, Qt.i~'ale cOr, c_n.(~.41 

Fig. 3. Effec.t of sul~trate concentration on the Mg=--dependcnt ph(~phatklie aei,I [)ho~|J |nataw.~ 
in erythrocyte ghosts. Tht: concctttration ,of Nn" in thr itwubatiorl mixture was o.t6 M; the cot}- 
¢entt-~tion of Mg ~* wa.~ o.(~oo~ M. Tris rstp]pho-~phati(latrr '. ', '*~x added ,~g indic&ted. Other condi- 

tions of incubation were ~-q in Fig+ 2. 

W h e n  the  c o n c v n t r a t i o n  o f  e r y t h r o c y t e  g h o s t s  in the  i n c u b a t i o n  m e d i u m  was  
var ied ,  t he re  was  a l inear increnL~e in the  MgZ~-dependent  p h , s p h a t i d i c  acid phos- 
p h a t a s e  a c t i v i t y  up  to  5.5 m g  (d ry  wt.) /ml.  A b o v e  this  c o n c e n t r a t i o n  o f  ghos t s  the 
e n z y m e  a c t i v i t y  s h o w e d  veI3." l i t t le incre;L~e. In  the e x p e r i m e n t s  r epor t ed  here  the  
c o n c e n t r a t i o n  o f  ghost.~ n e v e r  exceeded  5-5 m g  {dry wt . I /ml .  

The hydrolysis of  f l -p iwsp;~t i~te  Itv gho.,'t.~ 

I n  e x p e r i m e n t s  on pho,~-phatidic ac id  phnsphat~-~e retxbrtecl here. ~ m i x t u r e  o f  
a-  a p d  f l -phospha t id i c  ac id  was  used a-'~ the  suhs t r a t e ,  because  o f  the  r e a d y  ava i -  
l ab i l i ty  o f  the  cow.rnercial  diolein p r e p a r a t i o n  c o n t a i n i n g  a m i x t u r e  o f  x.2- a n d  x,B- 
ctiolein, f rom which  the  p h o s p h a t i d i c  ac id  was  sy'nthe~sized. Since n a t u r a l l y  occu r r i ng  
phosphat ic l ic  ac id  is the  L-a- isomer  it was  i m p o r t a n t  to  tes t  w h e t h e r  the  ,Mg ~÷- 
d e p e n d e n t  pl~osphatidic, ac id  phosphata-~e, w~o-~ in fact  due  to  the  h y d r o l y s i s  o f  o n l y  

Hto~him. Biopkys..-~ct~, 67 (t¢~3) 485-407 
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t h e  a - i s o m e r .  T h e  r e s u l t s  in  T a b l e  l l  s h o w  t h a t  t h i s  w a s  t h e  c a s e .  I n c u b a t i o n  o f  ~8- 
p h o s p h a t i d i c  a c i d  i n  t h e  a b s e n c e  o f  a n y  c a t i o n s  l e d  t o  s o m e  r e l e a s e  o f  o r t h o p h c m -  
p h a t e .  H o w e v e r ,  t h e r e  wa~s n o  i n c r e a s e d  l i b e r a t i o n  o f  o r t h o p h o ~ p h a t e  o n  i n c u b a t i n g  
~ 3 - p h o s p h a t i d i c  a c i d  in  t h e  pre.-~ence o f  e i t h e r  M g  t÷,  N a  ÷. o r  M g  ~+ + N a : .  T h e ~  
r e s u l t s  i n d i c a t e  t h a t  in  t h e  e r y t h r o c y t e  m e m b r a n e  t h e  i n c r e a ~ c i  r e l e a s e  o f  i n o r g a n i c  

TAI~LE 11 

}tYDROLY~tS OF f]-PltOSl'Iq~'.TIOtt~ .~CID BY EKYrHRO~y'I'E GHOST. c, 

"I'ho. ~q-pho.-phati,'|ate w~s present  in a final concent ra t ion  of  o .oo i7  M. The concent ra t ion  of  Na  ÷ 
was o. t(, M and th&t of  ~|gt¢ w&~ 0.ooo8 .~I. Other  condit ion~ of the assay  were t h e  same as in Fig. ~. 

Coakm added (mp,  t ~ h r . l m g  dry  **t ) 

Totat  M K* ' .del~rr.dm~ 

None t~.t)o 
i g  :*r O+tJI - - 0 . 0 9  
N~" o-99 
Mg ~* + N~* 0.9o - -o .o  9 

p h o s p h a t e  o n  i n c u b a t i t m  o f  a m i x t u r e  o f  , , -  a n d  ~ - p h o s p h a t i d i c  a c i d s  i n  t h e  p r e s e n c e  
o f  Mg i* o r  31g '~* ! N a -  is  d u e  t o  t h e  c l e a v a g e  o f  t h e  a - p h o s p h a t i d i c  a c i d  c o m p o n e n t .  
The. M g Z - - i n d e p e n d e n t  rele ,xse o f  i n o r g a n i c  p h o s p h a t e  m a y  b e  d u e  t o  t h e  a c t i o n  o f  a 
n o n - ~ p e c i f i c  p h o s p h a t  a.~e.. 

ltydrolysis by erythrocyte membranes of compoaozds relatcat to plmsphatidic a~ir~ 
I t  c n u l d  l>e a r g u e d  t h a t  t h e  r e l e a s e  o f  o r t h o p h o s p h a t e  o n  i n c u b a t i o n  o f  e r y -  

t h r < x : y t e  m e m b r a n e s  w i t h  p h o ~ p h a t i d i c  a c i d  o c c u r r e d  v i a  a p a t h w a y  o t h e r  t h a n  t h e  
s i m p l e  h y d r o l y t i c  c l e a v a g e  o f  p h o s p h a t e  f r o m  t h e  s u b s t r a t e .  " [ h e r e  a r e  t w o  u t h e r  
p ~ i b h :  p a t h w a y s .  O n e  o f  t h e s e  w o u l d  b e  t h e  r e m o v a l  o f  o n e  f a t t y  a c i d  t o  f o r m  
t y s o p h o s p h a t i d i c  a c i d ,  w h i c h  w o u l d  t h e n  b e  h y d r o l y z e d  t o  m o n < ~ g | y c e r i d e  a n d  o r -  
t h o p h o . ~ p h a t e .  I n  t h e  ab .~ence  o f  a d d e d  m e t a l l i c  i o n s  t h e r e  wa_~ c o n s i d e r a b l e  r e l e a s e  
o f  a . c i d - s o l u b l e  r a d i o a c t i v i t y  o n  i n c u b a t i o n  o f  o . o o o 5 7  M ly .* ,o [ '~nP]phospha t id ic  a c i d .  
H o w e v e r ,  t h e r e  w ~ s  n o  f u r t h e r  inf:rea.~e in  h y d r o l y s i s  o n  a d d i n g  e i t h e r  M g  t+ a l o n e ,  N a  ÷ 
a l o n e ,  o r  Mg ~' + N a  + ( T a b l e  I I I ) .  

"FABLE 1[I 

N Y D R O L Y S I S  OF LYROPtiOt$1*HATIDIC ACID ~Y F,,RYTHROCYTI~ GHOSTS 

The concent ra t ion  of  l ym;~ 'Plpi tcrsphat idic  acid was  o.<w, o57 M; this  prcpttr i t t ion ~'a.~ a mix tu re  
of  equal  amoun t s  of  the  a- atxd /~-isomer~ with  ~ , ,  ~ r . , ,  and  r t~pect  to  phosphor ic  acid. o.ooo~ , t  ~.,~ 
o.08 M Na* were added  as indica ted .  Other  condi t ions  of incubat ion  were as in Fig.  2. Acid° 

soluble radiowct ivi ty  wa~ ~ y e d  as  descr ibed in the  text .  

Cpt~ion adda,4 

N o n e  4 ,54  
M g  s* 4 .04  
N a  ÷ 4 . t 3  
M g t -  t N a *  4 .50  

B~:tin~. Biophyso Acta, ~7  ~z963) 4 8 5 - 4 9 7  
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"l .xHI.F_ IV 

M Y I ) R O L Y ~ I ~  O F  ] P | | O ~ P I | A T I D A T E  A . ~ | ) O t - I i L Y ~ : H I K O P H O S P n ~ I ~ E  

I N  K R Y T H R O C Y T F  C H O ~ L ~ S  

. 'qa*, K* ,  a n d  Mg t* w e r e  a d d e d  aa i n d i c a t e d .  O t h e r  c o n d i t i o n s  w e r e  as  in Pig.  2 e x c e p t  ~h?*_ a-  
g l y e e t o p h o s p h a t e  p h o s p h a t a _ ~  wa_q a.~catycd b y  i n c u b a t i n g  e r } ' t h r o c y t e  g h o s t s  w i t h  t~-glycerof.~:P~- 
phosphate  u n d e r  the s a m e  c o n d i t i o n s  a s  tht>st~ for  p h o s p } t a t i d t c  ac id  phosphatasc. T h e  c o m : e n -  
t ro t - ions  o f  a - g l y c e r o [ ~ t P r p h O s p h a t e  a n d  I t I P ~ u - p h ( ~ p h a t i d a t e  w e r e  o~ooo75 M. T h v  ~t-t~ivcero- 
p h o b - p h a t e  h a d  a ~pec ihe  a c t i v i t y  o f  8 . t 8 -  t o ~  c l ) l l i i u t [ O l i r l , r / t . ~ r l ¢ l l e .  Af ' .e r  ~ n c u b o t i o .  3 ml  o f  :t)~/~ 
t r i c h l o r o a c e t i c  ac id  w a s  a d d e d ,  t h e  ve~ ,e l s  w e r e  t , . n t r i f u g e d ,  artd t h e  r e s i d u e s  w e r e  w.'Lqined w i t h  
a n o t h e r  3 m l  o f  ~o°,/0 t r i c h l o r o a c c t i c  a c i d . . r 3 a P ] ( ) r t h o p h t ~ s p h a t e  wa.~ e s t i m a t e d  in  tht: lmo led  tri- 

.cld<~roaet:tic ac id  e x t r a c t s  as  d e $ c n L ~ d  irl t h e  t e x t  
. . . . . . . . . . . . . . . . . . . . . . . .  

Ph~tJ~kat idt~ ~ g d  # ~ , t p k , M ~ ¢  ~ . ~ l ~ ¢ ¢ r o p t ~ u l ~ k ~ e  p h ~ p h ~ t ~ . . e  
[~.~t,r~m,t,~lme d~ ~ u-t+; ¢ m l c m o l e ~ l m g  dl,?," t~'t. ) 

C a t * ~  a d d e d  . . . . . .  
A$ ~:" - To~a[ " l l g t  ' " 

i 'o to l  depend.enl  t ! ~ c n d c n f  

N o n e  4- I 3 0 ,37 
o , o o t  .~I Mg=" t4 .9  tt> 8 o.4.~, o+t l  
o . t ( ~  M K '  z .0z  o.77 
o .  1 6 o . % I  K + ~ o . o o t  .~,! M g  e ÷  t 4 .  4 t t . , ~  t . z ¢ ~  c t . . l t  9 

o + ] 0 o  M N a "  z . 4 ( ,  o . z  5 
o .  t 0 o M  N a -  f o , o o l  M M g  ~" t o ,  7 t - t z  '~ .5 '  o , z 0  

. . . . . . . . . . . . . . . . . . . . . . . .  

A n o t h e r  p o s s i b i l i t y  for  re lease  o f  0 r t h~ , phospha t e  i," t im r e m o v a l  o f  b o t h  r'?.'.t 3 
a c i d s  f r o m  p h o s p h a t i d i c  acid ,  foUowed b y  the  hydr~ , 'y t i e  c l e a v a g e  of  rh :  g;.:,:,-,,~- 
p h o s p h a t e .  Us ing  t h e  .~ame p r e p a r a t i o n  o f  ghos t s ,  a - g l y c e r o p h o s p h a t e  waz found  to 
r e l e a s e  fa r  less o r t h o p h o s p h a t e  t h a n  p h o s p h a t i d i c  acid  in the  a b s e n c e  ant i  p r e sence  of  
a v a r i e t y  o f  c a t i o n s  a n d  ca t iun  c o m b i n a t i o n s  (Tab l e  IV}. T h e r e  a p p e a r e d  to  be  a 
v e r y  s l igh t  s t i m u l a t i o n  b y  K + or  Mg a¢ -.- K '  o f  the  re lease  o f  o r t h o p h o s p h a t e ,  b u t  
t h e  i n c r e m e n t s  in a c t i v i t y  were  o n l y  a sma l l  p e r c e n t a g e  o f  t h e  i n c r e m e n t s  o b s e r v e d  
u n d e r  c o m p a r a b l e  c (md i t i ons  w h e n  p h o s p h a t i d i c  ac id  w a s  used  as s u b s t r a t e .  

Inhibitors of phosphaJidic acid #hosphatase 

The Mg~÷-dependen t  p h o s p h a t i d i c  acid  p h o s p h a t a s e  a c t i v i t y  w a s  not  a f fec ted  
b y  ro  -6 M Be t+ ( T a b l e  V)" it was  i n h i b i t e d  a b o u t  30';,0 b y  io  4 3I Be  s+ a n d  w&~ 

T A B L E  V 

E F F I " ( . 1  O F  B E R Y L L I U M  O N  P H O S P R A T I D [ C  A C I D  P i | O ~ P } | A T A S ¢ "  A C T I V I T Y  

IN:  ] ' . R V T H R O C V T E  G H O S T S  

B e r y l l i u m  s u l f a t e  w a s  ~ J d e d  a s  i n d i c a t e d .  T h e  c o n c u n t r a t i c m  o f  Mg 2. wa.~ o . c o t  M. 0 .080  31 
N a C I  w a s  p r < _ ~ n t  in all v e ~ I s ,  l q w r ~ p h a t i d i c  ac id  p h o s p h a t a ~ , e  a c t i v i t y  w a s  a s s a y e d  w i t h  n o n -  
r a d i o a c t i v e  p h ~ - s p h a t i d i c  ac id ,  a s  d e s c r i b e d  u n d e r  r ~ x P z R l ~ r ~ T ~ r .  O t h e r  c o n d i t i o n s  o f  ! n c u b a t i o n  

w e r e  a-~ in  Fig .  2. 

BerVLliu~ ( m ~ ' : , t m ~  dry wt.) 
c o ~ m f t ~ J  to 

Ca~Uo,~ + M ~  ° M d " . ~  

o 2 . 5  5 . 2  2÷7 
t o  " M ~ . 7  5 . 4  2 . 7  
[ o  - 4  M z . b  4 5 L 9  
t o  - s  M 2 . 2  ; . 4  0 . 2  
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comple te ly  inhibi ted by  xo -a tJi Be a4 . The  Mgt+-independent  ac t iv i ty  was not  affected 
by  Be t~ at  t h ~  concent ra t ions .  These  resul ts  indicate  t h a t  Be e* is a fair ly specific 
inhibi tor  of  the  Mg t ¢-dependent  phospha t id ic  acid pho~phatase.  

In the  absence o f  Na+, Cs '  (o.o3-o.x6 M) did no t  inhibi t  the  Mgt*-dependent  
phospha t id ic  acid phospha tase  (Table VI) ; the  h igher  concen t ra t ion  of  Cs÷ increased 
this  ac t iv i ty ,  possibly by  partiaa rep lacement  of  Na + by  Cs*. Both  o.o 3 M and 
o.16 M Cs + lowered the  inc rement  in phosphat id ic  acid phospha tase  ac t iv i t y  due  to 
addi t ion of Na ÷. 

T A B L ] ~  V I  

E.'-'~ECT OF C I ~ t I J M  O.%l T H E  N a . * - S T I M U L A T B D ,  M g t * - D E P ~ N D r 6 . ~ T  PHO.t ;PHATIDIC ACID P H O S P H A T A S F  
IN B R Y r H R o C Y T B  GHOSTS 

( ; c ~ , t m  c h l o r i d e  w a s  a d d e d  &q i n d i c a t e d .  O t h e r  c o n d i t i o n s  of  i n c u b a t i o n  w e r e  t~s in F ig ,  3- T h e  
v a l u e s  in e a c h  c a ~  a r e  t h e  m e a n s  o f  v a l u e s  f r o m  t h r e e  vesse l s .  

C....~,.m f,M.t pMM.t¢ 

o 4.Ob 7 .x8  2.52 
0 .03  M 4,7 x 6 .5o  x.79 
o .16 M 5 .39  5 ,55 o. I6  

Fluoride (o.oi25-o,o 5 M) did not  intfibit the Mgi+-dependent phosphat id ic  acid 
phospt,at:L~e o b ~ r v e d  in the absence of  N a  + (Table VII) ; the highest  conceaUat ion  
(G.O5 M~ increa.~ed this activity.  At  concentrat ions  o f  o . o ~  5 M and o.o2 5 M, fluoride 
did not g~'eatly affect the increment in the  Mg~+-dependent phosphat idic  acid ph0s- 
phatase act'.'vity due to addit ions of  Na" hut  o.o5 M fluoride markedly inhibited this 
increment .  

T A B L E  V I I  

I6BFRCT OF FLUORIDI¢ ON TH TM .~]~I, ' -STIMUL~TI~D ~/~gI~-D]EPt~N DI~NT P H O S P H & T I D I C  ACIU P H O S P H A ' I A S ~  
i.N ER'VTItROcY'rE GHO~r'rS 

Tri~ f l uo r ide  w a s  a d d e d  a s  i n d i c a t e d .  O t h e r  c o n d i t i o n ~  o f  i n c u b a t i o n  w e r e  ~ in  I-'t 8. 3. 

Fl~0Fut~ #M,~M~t~r 

C~ttwA + N a * A 

o 2 . 2 ;  3 . 4 8  t . 2 7  
o . o l 2 5  z.7~ 3.7 ° o .98  
o ,o25  2 . 8 8  4 . - g  x . 2 0  
O.O 5 3.42 3.70 O.28 

Rate of breakdown of exogeneous phosphatidic acid by the erythvocyte membrane 

If erythrocyte  membranes  were st,~]>ended in xo-* M cysteme,  stored in dry ice, 
~nd incubated immediate ly  after thawing in the presence of  Tris phosphat idate  
emulsified by ultrasonic radiation the phosphatidic  acid phosphatase  act iv i ty  was  
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as shown in Table  VII I .  I t  will be noted  that  the ac t iv i ty  fell off .-~omewhat dur ing 
the x-h incubat ion  period, Using the Mg~--dependent ac t iv i ty  observed at x5 rain, 
the  calculated phosphat id ic  acid ph(x~phata,sc a~:tivitv would be 4~.6 m/~moles/mg 
d ry  xct.lh. The  ac t iv i ty  for the  Na" -1- K~-depcndent  ATl'a.se repor ted  by  POST Ct al. ts 
for e r y t h r o c y t e  ghosts prepared  and incubated  under  similar condit ions was 
zo m~umole-,~/mg dry  wt. /h.  The  Mg~'-dependent  phosphat idic  acid phosphatasc  
ac t iv i ty  is thus  sufficient for it to be a component  c~f the Na ~ -{-K~-dependent  
ATPase .  

T A B L E  V I I I  

P I | O S P H A T I D I I 2  A C I D  P R ~ P H . 4 T , ' t S ~  ~,CTIVlTY I-~ ~ H Y ~ r l l K O C ' d T ~  G H O S T S  

E r - ¢ t h r o c y t e  g h o s t s  w e r e  s t o r e d  i n  [ o  -~ M ey.~teint ,  in  d r y  icu a n d  t h a ~ v e d  j u s t  b e f o r e  u.~e. T h e y  
were incubated in triplicate in the presence of "sonicat~,d'" o.oo3 M Tris phn~phatidate, o.o8o M 

NaCi and o.o 3 M imidazoh.-histi,litl,~-lri~ buffer (pll 7.t) at 4o" 

f ro ;h i  ?,lqz., 
' i tg t"  " "tlgt" depend,,Cal 

I5  z 7 t3  z i o  4 
3 ° 3 7  -'o,G it~ 9 
6o  (~.5 z lq~  z l  5 

This phosphat id ic  acid p h o s p h a t a ~  ac t iv i ty  is likely to he a minimal  vMue  
The  phospha t id ic  acid formed within the membrane  is p resumably  in a more favored 
posi t ion for a t t a c k  by  phosphat id ic  acid plmsphata~" than  is exogeneous subs t ra te  
which ha_~ a ve ry  l imited solubil i ty and p robab ly  has tw~or access to the. enzyme.  

D I S C U S , ~  I O N  

Tk¢ effects of  ~Ig t÷ on phosphatidic acid phosphatase 

The  da t a  presented  here clearly show tha t  phosphat id ic  acid phosphata.~, in 
hum a n  e r y t h r o c y t e  membrane.~ is s t imula ted  by Mg a' . This is similar to what  was 
r epor t ed  previous ly  for a deoxycho la t e  ex t r ac t  of  brain microsomes ~s. The  effects 
o f  Mg a* on phosphat id ic  acid phospha tase  are, howew.r,  qui te  variable.  SMITR et al, ~3 
r epor ted  an inhibi t ion o f  phosphat id ic  acid phospfiatase by  Mg ~+ in a chicken- 
fiver prepara t ion .  A similar inhibi t ion was found, by COLF.mAN A,~D Hi2BSCHER Is. At 
concen t ra t ions  of  Mg a÷ comparab le  to  t h o ~  u.,a:d here we have  observed eitt~er no 
s t imula t ions  or inhibi t ions o f  enzyme  ac t iv i ty  in par t ia l ly  purified soluble prepar~,~ - 
t ions o f  k idney  phosphat id ic  acid phospha tase  and in salt gland prepara t ions  x4. 
T r e a t m e n t  of  these p repara t ions  with E D T A  did not a l ter  the  effects of Mg z*. 
I t  is possible t ha t  t races  o f  3Ig 2+ still remain s ,  f irmly bound to the  enz.vme in 
some o f  these  prepara t ions  tha t  no Mg 2 ~ s t imula t ion  can be observed.  

Significance o f  ptmsphatidic acid phospl, atase in erythroc)'te gkos¢s 
The  presence o f  an ac t ive  phosphat id ic  acid phwsphatase in chos ts  provides a 

f u r t h e r  basis for the  existence o f  a phosphatidJc acid cycle in the  e ry th r~cy te  mere-  
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b r a h e ;  to  th i s  e x t e n t  the  r e su l t s  a re  c o m p a t i b l e  w i t h  t h e  pos s ib i l i t y  t h a t  N a  L t r a n s -  
p o r t  in t h e  e r y t h r o c y t e  m a y  i n v o l v e  t h e  phospha t i c t i c  ac id  cycle .  

A l t h o u g h  p h o s p h a t i d i c  a~id p h o s p h a t a s e  a c t i v i t y  is s t i m u l a t e d  b y  N a  +, t h e  d a t a  
do n o t  s u p p o r t  t h e  v i ew  t h a t  p h o s p h a t i d i c  ac id  p h o s p h a t a s e  d e t e r m i n e s  t h e  spec i f i c i ty  
o f  the  s o d i u m  p u m p  for  s o d i u m  as a g a i n s t  p o t a s s i u m ,  O n  t h e  bas i s  o f  t he  c o n c e n t r a -  
t ions  o f  N a "  a n d  K + for  h a l f - m a x i m a l  s t i m u l a t i o n  o f  t h e  MgS~-dependen t  p h o s p h a -  
t idic  acid  p h o s p h a t a s e  (Fig.  2) N a  * does  n o t  s e e m  t o  h a v e  a s i gn i f i can t ly  g r e a t e r  
a f f in i ty  for p h o s p h a t i d i c  ac id  p h o s p h a t ~ e  t h a n  does  K ~. T h e  s u d i u m  p u m p  in t he  
e r . v th rocy t e  rnerrkbrane d i r c a d m i n a t ~  h i g h l y  in f a v o r  o f  N a  +. e v e n  t h t m g h  t h e  i n t r a -  
ce l lu la r  c , m c e n t r a t i o n  o f  K + is s ix  t i m e s  h igher .  P r e v i o u s  s t ud i e s  h a v e  s h o w n  t h a t  
p h o s p h a t i d i c  ac id  is b o u n d  to  l i p o p r o t e i n s  w i t h i n  t h e  m e m b r a n e  a, a n d  a d i r e c t  
p a r t i c i p a t i o n  of  t hese  l i p o p r o t e i n s  in t h e  t r a n s p o r t  p roces s  h a s  b e e n  s u g g e s t e d L t .  I t  
seem¢ m o r e  p r o b a b l e  t h a t  ttae s e l e c t i v i t y  o f  t h e  p u m p  wou ld  re s ide  on t h e  ~0cUum 
ca r r i e r  s i te  o f  th i s  l i lx~protein.  

T h e  s u m  o f  t h e  a c t i v i t i e s  o f  t h e  t w o  e n z y m e ~  o f  t he  p h o s p h a t i d i c  ac id  cyc le  is an  
A FPa~t ' :  

d i g l y c e r i d e  
t~ - t , l -d ig ly~ :c r idC - :  ATP ~ L-O-phosphatidic acid + ADI '  

kinit.~e 
phosphatidic acid 

L-~-phosphatidic actd + Ha() ~, D - t .  e - d i g l y e c t i d e  ',- H s P O  4 
phosphatase 

-" .~'It']" -~ Hzt) "" ~ H.PO,  + ADP 

Yhere  is n0 dirc~:t p r o o f  as  y e t  t h a t  the  p h o s p h a t i d i c  ac id  cyc le  e n z y m e s  are  
component . , ;  o f  t h e  N a *  -'- K+-depe .nden t  A T P a s e .  H o w e v e r ,  t k e r e  a re  s e v e r a l  in- 
d i c a t i o n s  t h a t  th i s  m a y  be  t~e  c ~ e  T h e  p h o s p h a t i d i c  ac id  cycler ,  t a n d  t h e  N a  ÷ + K ÷- 
d e p e n d e n t  A'FPa.svt~, 1~ are  a f f ec t ed  b y  o u a b a i n .  B o t h  a c t i v i t i e s  a r e  p r e s e n t  in t h e  
.~,xme p r e p a r a t i o n s ,  a n d  the  d a t a  p r e s e n t e d  h e r e  a n d  in t h e  p r e c e d i n g  p a p e r  d e m o n -  
s t r a t e  t h a t  t he  r a t e s  o f  d i g l y c e r i d e  k ina~e a n d  p h o s p h a t i d i e  ac id  p h o s p h a t a s e  a re  
s u ~ c i e n t  t~ a c c o u n t  for  the  N a *  ~ , - K ÷ - d e p e n d e n t  A T P a s e .  I n a s m u c h  a.s s t r o n g  
e v i d e n c e  h a s  been  a c c u m u l a t e d  t h a t  b o t h  t h e  p h o ~ p h a t i d i c  ac id  cyc le  a n d  t h e  
N a +  + K ~ -dependen t  A T P a s e  are  r e l a t e d  to  s o d i u m  t r a n s p o r t ,  b o t h  m a s t  e v e n t u a l l y  
be  f i t t ed  i n t o  t h e  o v e r a l l  s o d i u m  t r a n s p o r t  m e c h a n i s m .  A l t h o u g h  i t  is c o n c e i v a b l e  
t h a t  b o t h  a c t i v i t i e s  a re  c o n c e r n e d  in s o d i u m  t r a n s p o r t  in d i f fe ren t  a n d  u n r e l a t e d  
w a y s  it  s e e m s  m o r e  r e a s o n a b l e  t h a t  t h e y  a r e  in f a c t  c lose ly  r e l a t ed .  I t  is h o p e d  t h a t  
s t ud i e s  n o w  in progre.~s will  t h r o w  f u r t h e r  l igh t  on th i s  p r o b l e m ,  

AC KN O'¢¢ LE I)(;EXlEN TS 

Th i s  i n v e s t i g a t i o n  wa~ a i d e d  b y  g r a n t s  f r o m  the N a t i o n a l  I n s t i t u t e s  o f  H e a l t h .  t h e  
U n i t e d  C e r e b r a l  P a l s y  R e s e a r c h  a n d  Eduea t ion~ , l  F o u n d a t i o n ,  a n d  t h e  W i s c o n s i n  
A l u m n i  R ~ e a r c h  F o u n d a t i o n .  W e  a re  g r a t e f u l  t o  Mrs. S. U n a l  a n d  Mr. W .  NOEL 
for  v ' ,duable  t e c h n i c a l  assis tav.ce.  
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