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SUMMARY 

Various pa thways  for the synthesLs of  pho.~phatidic acid in ghosts  from h u m a n  
erythrocyt~.'s tli~ve t~en studied.  The ~ynthesis of  phosphat id ic  acid by  the  diglyceride 
kinase reaction is i o -4o  t imes  more  act ive  tiaan the synthesis  of  phosphat id ic  acid 
by  phtzsphorylation of monoglycer ide followed by  acylat ion,  and 25oo t imes IT, ore 
act ive titan the synthesis  by  acyla t ion  of  a-glycerophosphate .  Diglyceride kinase 
ac t iv i ty  is as great  or greater  than the Na  + - K+-dependent ,  ouabain- inhibi table ,  
ATPzse  in the e ry th rocy te  m e m b r a n e ;  this is compat ib le  with its being a componen t  
of the ATPase.  Various facC.,_,rs influev~eing diglyceride kinase ac t iv i ty  have been 
studied,  such a,~ detergents ,  the s ta te  of  dispersion of  the  diglyceride subs t ra te ,  
freezing of  the ghosts, Na* and K ~, and ouabain.  The  kinetic curve  at 37 ° for phos-  
phatidic acid synthesL,, from diglyceride shows an initial rapid comtxment ,  followed 
after  about  x rain by  a slower component .  

INTRODUCTION 

A hb'l~othesig has been presented which s ta tes  tha t  s~xXium t ranspor t  is coupled to 
the renewal of  pht~sphate in phosph~.tidic acid, and this renewal is catalyT, e d b y  the 
ct)mbined actlun of  diglyceride kin~,se nnd phosphat id ic  acid phosphataset ,  t. This 
hypothesis  has been te rmed the phosphat idic  acid cycle. If  diglyceride kina~se cata-  
lyzes tile syhthet ic  s tep  in the  phosphat id ic  acid cycle it should be present  in all 
membrat,.e~, where this cycle m a y  function in ~ i u m  trar~sport. One of  the  chief 
functions of  the e ry th rocy te  membrane  is to p u m p  sodium ou tward ly  and IX~tassium 
iowardiy  ag~. l s t  concentrat ion gradients.  The main purpose  of  this paper  has  been 
to st t tdy the mechanisms by  which phosphat id ic  acid can be formed in the  e ry th rocy te  
men,b~ane and to compare  their relat ive activities. The fi ,rmation of  phosphat id ic  
acid via the  diglyce~de kina_se react ion s has been found to be  b y  far the  mos t  ac t ive  
pa thway .  The formation of phosphat id ic  acid from monoglyceride via lysophcs-  
phatidic acid ' ,  s has also been demons t ra ted ,  bu t  this pa t hw~y  is only  one-for t ie th 
to one- tenth  as act ive in forming phosphat idic  acid a.s is the  diglyceride kin¢,yse 
reaction. The  formation of  phosphat id ic  acid b y  acyla t ion of  ~-glycerophosphate  
al-~o occurg in the e ry th rocy te  membrane ,  b u t  this p a t h w a y  is only t /25ooth  as 
act ive as the  diglyceride kinase reaction. 
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Variou.~ f ac to r s  a f fec t ing  digtycericlo kina.~e ac t i v i t y  h a v e  beer' s tud ied .  U n d e r  
o p t i m u ~  ,~onditions t he r e  is su f l i c i e r t  ~liglyceride kinase a c t i v i t y  in the  e r y t h r o c y t e  
:~embrame tn a c c o u n t  for the  Na* + K--de . tmndent  ,kTPase  which  is bel ieved to  
be  r e l a t ed  to  Na ~ a~.d K* t r a n s p o r t  in this  s t ruc tu re .  P r e l i m i n a r y  r epo r t s  o f  t h i s  
w o t k  h a v e  been  presented t ,* ,  ~. 

F xPE~t.~t E.x r.~t. 

Preparation of erytlJrocyt¢ ghosts fi,r itlc~,bati,,~2 

Blood-bal ' .k  I>l~Jd which  w.',.~ f rom Io 31. d a y s  ,,ld wa.~ used. T h e  m e m b r a n e s  
were  p r e p a r e d  b y  t he  me th (x l  ot ~ l'l;-~r et el. ~. b, t t  on ii I~tr,;cr .~cale. As st. f l i n g  ma te r i a l ,  
5 o o - z o o o  ml o f  b lood  wa.~ used.  A yield of  aht)ut  7 5 - i o o  nil o f a  susl'mn.~;iem o f  gho~ts/  
500 ml  of  b lood  waL~ usua l ly  o b t a i n e d .  T h e  ..~r~" weight  of  t i le ghos t s  a v e r a g e d  a b o u t  
I8  m g / m l  o f  .~u.-:penslon. ~'ttbes cot, ra in ing  4.5 ml of  p.h,,sts su~pended  in 5" zo-a M 
imidazo le  i~ i s t id ine-Tr i s  buf fe r  (pH 7 it c , ,n ta in ing  io  -~ M cvgte ine  were  .~tored at  
- -7o% T h e y  were  t h a w e d  s lowly  at  2 ° the night  be.f(>r~, use. Af ior  ti~awing t h e y  wert ~ 
h o m o g e n i z e d  br ie f ly  a t  s low speed  in ,in all-glass IHm~,genizer in ord~:r to  o b t a in  an 
e v e n  suspens ion .  

Assay, for diglyceridc ~i~*as¢ aclivify 

T h e  s t a n d a r d  p r o c e d u r e  for a .~ay ing  d ig lyce r ide  k m a s e  was  a~ ft>llows. l h e  
int ;ubat iut t  ve~.~Is c o n t a i n e d  the  fol tov ' ing basic t ned ium : M~JL_, ~.";o2 M : imid ,  z,,I.e-- 
h i s t i d i n e - T r i s  buf fer  ( pH  7. i ) ,  o.o 5 M; sod iu m  adenos ine  d i p h - s p h a t e ,  (;.oo2 M; T: i s  
f luor ide ,  o . o r  M ; c a r b a m a t e  k inase  s, o.03 un i t s /ml  a n d  a m m o n i u m  c a r b a m y l  iazt> i- 
p h o s p h a t e .  Th i s  basic  m e d i u m  is s imilar  to  t h a t  p r ev io u s ly  desc r ibed  fi~r g e n e r a t i n g  
[$,-atP.1ATI> in d ig lyce r ide  k inase  a.~say.~ "t. ( ) t he r  add i t ions  were  m a d e  a.~ ind ica t ed  
in the  table_s a n d  figures. T h e  a'lxJve basic m e d i u m  p!us i nd i ca t ed  acidi t ions was  
i n c u b a t e d  for  3 rain a t  4 o°. F r e sh ly  t h a w e d  ghost~ (o.o 5 ml!  were  t h e n  ad d ed ,  a n d  
t h e  ~,essels i n c u b a t e d  for an  a d d i t i o n a l  3o see. ex cep t  in those  e x p e r i m e n t s  where  
t h e  effect  o f  i n c u b a t i o n  t ime  wa~ s tudied .  T h e  final i n c u b a t i o n  v o l u m e  was 0.25 mt,  
a n d  all c t m c e n t r a t i o n s  re fer  to  th is  final vo lume .  

In  p r e v i o u s  s tud ies  s no  d ig lyce r ide  kina.~, a c t i v i t y  was fo u n d  in the  Streptococct~s 
]atcedis e x t r a c t  c o n t a i n i n g  t he  c a r h a m a t e  kirm~J~, which  is used in the  y - ~ P ] A T P  
g e n e r a t i n g  sy s t e m.  In the.~e ear l ier  s tud ies  dJglycer ide  k inase  wa.~ a_~sayed in t h e  
p r e s e o c e  o f  .0.25% d e o x y c b o l a t e .  In  the p r e s e n t  s t u d y  it  was f o u n d  th~,t in the  
a b . ~ n c e  o f ' i e o x y c h o l a t e  the  S. faecalis e x t r a c t ,  which  h ad  been  s to red  for 5 years  in 
t h e  d e e p  freeze,  c o n t a i n e d  m e a s u r a b l e  dig|;, 'eerJde k inase  ac t iv i ty .  H o w e v e r ,  b y  
d i l u t i n g  t h e  e n z y m e  to  a t e n t h  o f  the  concent ra t i~m p rev io u s ly  u.~ed t h e  d ig lycer ide  
k inase  a c t i v i t y  in t he  S. fa~cMis e x t r a c t  b e c a m e  suff ic ient ly  sr~atl so t h a t  o n ly  a 
sma l l  c o r r ~ t i o n  ( t o %  or  le~s) for  this  b lank  a c t i v i t y  was r equ i red .  T h e  e a r b a m a t e  
kiriase a c t i v i t y ,  on  t he  o t h e r  hand ,  was still sufficient  to  s u p p o r t  op t ima]  synthe~i.  ~. 
o f  A T P  u n d e r  t ke  cond i t i ons  o f  t he  e x p e r i m e n t s .  To  c o r r e c t  t he  digl) 'cer ide  kinas¢" 
a ~ i v i t y  in t h e  S. faecalis e x t r a c t ,  the  e x t r a c t  was i n c u b a t e d  w i t h o u t  ghos t s  for  the  
full  3.~i rain a n d  t hen  t he  t u b e  was  chi l led  and  o.o5 ml o f  ghos t s  in o .oor  M p-eh loro-  
m e r c u r i b e n z o a t e  was  a d d e d ,  foUowed b y  5 ml o f  ~1% t r i ch io roace t i c  ~.~d. 

T h e  ac t iv i t i e s  o f  d ig lyce r ide  k inase ,  a s s a y e d  as d ~ c r i b e d  a b o v e  are  r e p o r t e d  as  
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mF~molcs/mg dr), weight of  ghosts/h.  In those expe r imen t s  in vhich the diglyceride 
kinase iL~sav was carried out  in a somewhat  different  fashion, and in which the  
eflect.~ of  v:,.rious substance,s were compared ,  t he  ac t iv i ty  is expres.sed a.,~ a per cen t  
of  the  control  rad ioac t iv i ty  in phosphat id ic  acid. 

Emulsions t>f diglycerJdes and monoglycer ides  were prepared  as follows. The 
glycerides were added to wate r  in po lypropy lene  tubes, and these were immersed  
il~ ,,,~t~t itJ tile chamber  of  a R a y t h e o n  ultrasonic appara tus .  The  tube~ were exposed 
t,, ~o o[×> x'ibrations/sec at m a x i m u m  amperage  for x-z  rain. The  emulsions were 
p repared  innnedia te ly  befor r  u.~. 

At the end of  the. incuba t ion  l~r iod,  5 ml o f  cold 5°;o "_richloroacetic acid were 
a<kled to the ve.~els. The  lipids were e x t r a c t e d  and washed a_s ¢l~crihed previous ly  3. 
Thc final volume of  the  ch loroform ex t r ac t  was 0.4 ml, Al iquots  (0.05 ml) were 
di rect ly  pla ted and coun ted  for to ta l  rad ioac t iv i ty ,  and o the r  a l iquots  (o.z ml) 
were applied to  paper  and c h r o m a t o g r a p h e d  by  the m e t h o d  of  BEzss arrD ARU- 
BRUSTER a. In st~mc exper imen t s  o.x8/~mole o f  Tris  phospha t ida t e  was added  a_s 
c~arrier to  the  t r ichloroacet ic  acid prec ip i ta te  and the  phosphat id ic  acid spot  on the  
eh rom a tog ra m was de tec t ed  by  s ta ining with Rhodamine  G (see ref. O). In o ther  
exper iments  no carrier was added,  and the phosphat id ic  arhl  spot  was de t ec t ed  by  
au torad iography .  The phosphat id ic  acid spots  on the  paper  were cut  out  and counted.  

O t h e r  assa.','.s 

The format ion  of phtJsphatidic acid and lysophosphat id ic  acid from mono-  
glyceride,  ATP,  C~A, and pa lmi t a t e  was measured  in a manne r  similar to  t ha t  for 
the diglyccride kinase a.~ay. The  deta i led condi t ions  are shown in tile appropr i a t e  
tabby, anti figurcs. Sincc the a-momx)lein emulsion was not  s table  a t  low tempera-  
lures  it was kept  at rtx~m t e m p e r a t u r e  and added  to the  3-rain p re incuba ted  s tock  
medium at the saree t ime as the ghosts  were added.  The  lysophosphat id ic  acid spot  
on t:,¢ ch roma togram was de tec ted  by  au to rad iography .  In some samples  where  
insufficient rad ioac t iv i ty  was present  to  show on the  au to rad iog ram (when mono-  
olem was ~,ni t ted from the incuba t ion  mixture)  the  area corresponding to  the  ad- 
iac~rnt radioact ive  lysophosphat id ic  acid spots  on the c h r o m a t o g r a m  was cu t  out  
and counted.  The m e t hod  of  MARX.~E't"rl et e l .  n was used to de tec t  lysophosphat id ic  
acid. 

The  format ion  of phosphat id ic  acid from a-g lycerophospha te .  ATP,  CoA, and  
f a t ty  acids was also measured  in a m anne r  similar to  the  diglyceride kinase assay. 
except  the  pre l iminary  pre- incubat ion of the  stock med ium wi thout  ghosts  was no t  
carr ied out. The  detai led condi t ions  are shown in the  appropr i a t e  tables  and figures. 

M a t e r i a l s  

Commercial  dioiein was a kind gift of  Dist i l lat ion P roduc t s  Industr ies ,  Rochester ,  
N.Y. The percentages  of x,3-diolein and  1,2-diolein were de te rmined  as descr ibed 
elsewhere x°. The  p repara t ion  was f imnd to  conta in  70% x.3-diolein and  30% t,~- 
dic, lein. All concent ra t ions  of  diolein are  expressed in terms c,f the  D-x,z-diolein 
Fcesent in the  diolein p repa ra t ion  (-'5 °/o}- 

o-x ,z-Diglycer ide  was p repared  a_s follows. An "AI:r~L~I Soluble Frac t ion  of 
l . ec i th in"  de r ived  from soybeans  was k indly  provided  by  Associated Concentra tes .  
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inc . ,  V¢oodside, I. .I. ,  N.Y.  3-48 g were  d i s ~ I v e d  in 75 ml of  cklorofi~rm a n d  app l ied  
t o  a x2o-g a lumina  co lumn .  The  c o l u m n  was  w'a~lted wi th  2oo mI o f  chloxofi)rm. 
T h e  lec i th in  f rac t ion  was thLat ,'-luted w:th 375 till c h l o r o f o r m - m e t h a , a o l  { i : t )  
a c c o r d i n g  to  the  m e t h o d  o f  b'rIot~Es AND I.EA xt. I_45 g o f  t h e  lecitl{iq fa-actioll was 
r ecove red ,  C h r o m a t o g r a p h y  on Mlicic acid pap e r  b y  the  m e t h o d  o f  MARINE'."~I e~ el .  ° 

r e v e a l e d  lec i th in  a.,~ t he  m a j o r  c o m p o n e n t  w i th  a sm~fller a m o u n t  o f  ty.~olecithin a n d  
t w o  un iden t i f i ed  spots  no-dr the so lven t  f ront ,  t g of  tit** leci thin f rac t ion  was inc tJba ted  
wi th  Clostridiura perflringens t ox in  {kindly p r o v i d e d  by  I .ederle Lab o ra to r i e s ,  Pear l  
River ,  N.Y.} anti  the  resu l t ing  d ig lycer ide  isola ted accord ing  to  tilt, naetht~d of  
HANAtlAN AXD VERtAMER I~l. T h e  d i g l y t e r i d e  wag finztlly pur i f ied  o v e r  a st | ice g~-I 
c o t u m n  b y  the  m e t h o d  ot  Qt:INL1N A.Xl~ XVEISER 13. Th e  final p r o d u c t  wa.~ i~ fa in t ly  
ye ' l owish  0ii, weighing  529 i-ftg. I t  gave  a singl~ spot  or, t h in - l ave r  c h r o m a t o g r a p h y  tt 
w i : h  t he  s a m e / d e  as a u t h e n t i c  r ,2-diolein.  ()n the  ba~i.~ o f  the  f a t t y  acid compt,.~ition 
o f  s o y b e a n  lec i th in  ts t he  d ig iyce r ide  would  co n t a in  ¢~3°~, i inoleic acid.  ~G'.'. 0 pa lmi t ic  
acid,  x 3 %  oleic acid,  6 . 3 %  s tear ic  acid and  2.O"b l iroleic acid. 

C omm e r c i a l  monoohf in  w a ,  a k ind  gif t  o f  Di.~tiliation P r o d u c t s  Indus t r ies ,  l~chc.~- 
te r ,  N.Y.  I t  was  f u r t h e r  p t t r i f i edove r  a c o l u m n  t,t.~dica gel b y  the  m e t h o d  o f Q c t . x  LIX AN t~ 
WEIgER t*. P r e v i o u s  s tud ies  h a v e  shown  it to  [~  b e t t e r  t h a n  c~5'~.~ e t -monoglycer ide .  

a - G l y c e r o - s r a P j p h o s p h a t e  wa.~ syn th t~ i zed  as desc r ibed  previously~,  t h e  olt lv 
mod i f i ca t i on  be ing  t h a t  N H  t-  and  Mg ~ were  removexl b y  p a ~ i n g  the  p r o d u c t  o,,'er 
t he  Tr i s  f o r m  o f  l ) o w e x - 5 o  r a t h e r  t h a n  the  H ~ form.  A m m o n i u m  c a r b a m y l  [a~'P; - 
p h u s p h a t e  was  synthe. 'sized f rom t m m o l e  o f  NHtI - IzPO ~ c o n t a i n i n g  5 mC of  zeP b y  

. . , V ; ~  t t h e  m e t h o d  of  ME'fZE,NBE~G et at t s  A vield o f  3o°.~ of  c a rb a rn y l  pht=~phate ~ .I. 
no  m o r e  t h a n  5'..o o r thopho .~pha tc  wa~ o b t a i n e d .  Tr is  f luoride was p r e p a r e d  by" pas- 
s ing  t he  s o d i u m  sal t  ove r  a c o l u m n  ~ff Dowex-5o  (Tris form).  S. faecalis e x t r a c t s  
c o n t a i n i n g  c a r b i t m a t e  k ind le  were  a k ind  gi l t  o f  Drs. R. ~IE'IZENBERG and  M. 
MARSHALL. T h e  un i t s  g iven  are  tho.~e de f ined  b y  ~IE'I-ZEN/~ERG el al. a~. CoA wa~ 
o b t a i n e d  f r om P a b s t  l_ahoratorie~,  Mi lwaukee .  XVisc. ( t ' .S .A.) ,  

RE.qUI.TS 

S),mhe.sis o.[ phosphatidic acid from .4 T P  tend dig~v'~cri,le 

W h e n  e r y t h r o c y t e  ghos t s  were  i n c u b a t e d  wi th  an .fy-~-'P~ATP-generatir, g 
s y s t e m  a n d  d ig lyce r ide ,  s : p  was  i n c o r p o r a t e d  in to  the  t o t a l  l ipid e x t r a c t .  P a p e r  
c h r o m a t o g r a p h y  o f  t he  Lipid e x t r a c t s  in two  ~f lven t  _~vstem_¢#. D r evea l ed  a radio-  
a c t i v e  spo t  w i th  t he  same  R~, a~ s y n t h e t i c  d io ley l  ph~spha t id i c  acid.  Thi~ ~p~t ac- 
c o u n t e d  on  a v e r a g e  for 61:% o f  the  t a d i o a c t i v i t v  in the  t o t a l  chloroft3rm ex t r ac t s .  
W h e n  t he  r a d i o a c t i v e  spo" was  d e a c y l a t e d  b y  the  m e t h o d  o f  DAWSON t8 It viel t ied 
o n l y  a - g l y c e r o p h o s p h a t e .  Th is  was shown b y  mixing  the  d e a c y l a t e d  prt~duct wi th  
a u t h e n t i c  a - g l y c e r o p h o s p h a t e  , , , d  c o - c h r o m a t o g r a p h i n g  the  m ix tu r e .  Th e  radio-  
a c t i v e  spo t  r e v e a l e d  b y  a u t o r a d i o g r a p h , "  ~oincided e x a c t l y  ~fith t h e  stc.med spot  
r evea l e d  b y  t he  m e t h o d  o f  WADE AN'I> MOR,GAN "tB. "~ht2:e ~tudies i n d i ca t ed  t l :at  the  
p r o d u c t  f o r m e d  f rom A T P  a n d  d ig lyce r ide  it, ghos t s  was p h o s p h a t i d i c  actd.  

W h e n  the  ghos t s  were  h e a t e d  a t  t o o  ° for  t o  man befnre  i n c u b a t i o n  t h e  a m o u n t  
o f  r a d i o a c t i v i t y  f o u n d  izt p h o s p h a t i d i c  acid wa.,~ less t h a n  4 %  o f  t h a t  f o u n d  wi th  
u n h e a t e d  ghosts .  
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Dependence oJ b,~os:hatidic acid ~,~the.sis on diglycevide 
F~.g. x showr- t h e  d e p e n d e n c e  of  p h o s p h a t i d i e  ac id  s y n t h e s i s  t)n t h e  p re sence  o f  

digl~ cer ide.  M a x i m u m  p h o s p h a t i d i c  ac id  s y n t h e s i s  w a s  r e a c h e d  w l t h  a c o n c e n t r a t i o n  
o f  abotJ*- o.oo<2 M D - I , X - d i g i y c e r i d e .  At  th i s  c o n c e n t r a t i o n  o f  d ig lyce r ide  [ ] (e  [~orlt la-  

t ion nf p h o ~ p h a t i d i c  acid w a s  1.5 t i m e s  g r e a t e r  t h m t  t h a t  o b s e r v e d  in the  a b s e n c e  o f  
a d d o d  d i g l } c ~ r i d e .  T h r ~  ~- :-e.~ults a r e  v e r y  s i m i | a r  t o  t h o s e  p r e x , i o u s l y  c b . ~ e r v e d  w i t h  

b r a i n  n t i c r~> .~ ,mes  ~. 

o 0.016 0 .032 
0-'1,2- dlglycer' i~e cOnCh.tin) 

Fig.  : .  T h e  rffi,ct o f  d i g t y c e r i d e  c o n c c n t r a t i o t 3  o n  t h e  s y n t h e s i s  t ,f  l )hOsphafir t i  ~ ac id .  EmuLMfied 
D-t . , -d ig lvcer ide  was  u.~wl. 

T h e  fact  t h a t  p h o s p h a t i d i c  acid  w a s  f o r m e d  f r o m  A T P  and t h a t  th i s  f~ , ,mat ion  
,.va.~ h igh ly  d e p e n d e n t  on  the  p r c ~ ' n c e  o f  d ig lyce r id :  ~. i n d i c a t e s  t he  p r e s e n c e  o f  d ig ly -  
ce f ide  k inasc  in t h e  e r 3 ' t h r o c 3 ~ t e  m e m b r a n e .  

Effect of ~ariou.~ detcrt,,e~tts on digl)'ceride kiJmse activity in erythrocyte glu~sts 
In  h ra in  m i c r o s o m e s  i t  w a s  n~-ce~ary  t~  a d d  ~ d e t e r g e n t  s u c h  as  dex )xycho la t e  

T A B I . E  I 

E T F E C T S  O Y  V A R I ( ) [ I S  [ ) E T E R { i E N T ' A  A K D  S O L V E N T S  Q N  D I x 3 L ' g C E R I D E  K I N A S [ ~ ;  A C ' I t V I I " Y  

All vcsst4s c ,>nta ined  t o  fd of  diglyceri~ie  ,.vhiclt h a d  n u t  t>ecn ~-.ntulmfied b y  u l t r a s o n i c  r a d i a t i o n .  

(pet ¢s.t 

o . t  % I ) e o x y c h o l n t e  27 
0.2 % D e o x y c h o l a t e  7 
o. 3 % Dc<Jxvchola te  .5 
z.o°.g D i m e t h y l f o r m a m i d e  t 25 
2 . o %  D i m e t h y | f o r t r m m l d e  t t 2 
4 . 0 %  1MmetF.yl for m a m i d e  t o 6  
6 . 0 %  L M m e t h y l f o r m a m i d e  75 
8,0 % l ) i m e t h y l f o r m a m t d e  33 
t . o %  OctanoL a2 
o. t 2 5 %  " r r i tmi  X - z o o  3 

IJ~c~him IJiop;~,~..4c&,. b7 (J963)  4;'0--484 
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in order to obtain a s t imulat ion of phosphatidic acid ~ynth~i.~ ~'ith added diglyce- 
ride; the op t imum d_~oxvcholate concentrat ion w0~ 0.25°..:0 (~ee ref. 3). Addit ion of 
detergen:s  to ghosts incubated with unemul.~ihed Jigiyceride did not s t imulate  
p l ,~pha t i d i c  acid synthesis ; in fact.  th -  detergents  were markedly  inhibi tory (Table I). 
K E N N E D Y  t e  found ¢~tannl to s t imulate  ph~ 'phat idc  ,,vnthesis in some sy, tems.  This 
agent marked ly  inhibited phosphat idic  acid ~ynthe~i~ from diglycende and ATP in 
ghosts (Table 1). Dimethyl formamide  in conc~ntrati~ms ranging from r to 4°/,, 
pos~ibly s t imula ted  ph,zThat idic  acid ~.vnthe~i~ ~c,. ~.¢what, but higher concentra- 
t inns were inhibi tory.  

Effect of  omdsif icalion ~/ diglvcerGles o,, dzlglycevide kim, se activity 

Unlike brain rnicrosomes r,o detergent  was needt,d irt the gho.,,t system to ohtain 
a s t imula thm of phosphatidic :acid ~ynthe~is with added diglycerides (Table !I). 

T A B J . U  l I 

I E F F E C I S  O F  V A R I O L ' ~ ,  D I I . ~ L ' c ' C E I ~ I I ) t  ~. P R E P ~ R . A . T I O . ~ S  O.~ P I I O ~ , P I | A ' I r l D I C  ~.('11-~ S Y . M I ' H E S I S  

IN  F - R Y T H R t O C Y I ' ~  ¢..;]IOST% 

tC a d ~ a a  i t~tt r 
,n t,~osp'vJt~,io~' 

[)=g17.'c¢7:.t: Md¢,~ ~ i d  
( prr  ur . t  

'V c . ~ r o l )  

None (ioo) 
2. z i t m o i e  u n e m u l s i f t c d  t l i o i e i n  44 ° 

o. I o / imp) I t :  t~lBttlsi 6 e d  ( I to l e ln  t o t o 
o . 2 5  l l m o h :  cmul .~ i f i ed  d i o l e i n  i trio 
0 . 5 0 / ~ r n o l e  c m u l a i f i e d  d i o l e i n  2 4 0 o  
o . z 5 / t r t x , l c  e m u l s i f i e d  D- t . ~ - ( h g l y c e r i d e  2 0 4 0  

Addit ion of  diolein as an oil to the incubation medium enhanced phosphatidic acid 
synthesLs about  5-fold. I f  tim diolein was emulsified by ultra.~mic t r ea tment  the 
s t imula t ion  could be increa.,~ed to 25-fold. Emulsified D-t,2-diglyceride wa~ usually 
somewhat  more effective than  emulsified diolein. These observations indicate tha t  
the particle ~ze  of  the diglyceride substrate  L~ extremely impor tan t  in diglyccride 
kinase assays. "Ihe effectiveness of the diglycerides diminished with time af ter  
ul trasonic radiat ion,  so it was necessary to emulsify them immediate ly  before use. 
The replication in dig!yceride kinase ac t iv i ty  in triplicate amubat ion vessels w';L,~ 
very  poor when diglyceJides were added direct ly to the vessels as oils; however, 
the replication was quite gtx)d when the diglyceride emulsions were added. This 
mus t  be due to variable degrees of dispersion of  the oiJs when they  are added directly. 

~,Vhy the e ry th rocy te  ghost  sys tem should differ from the brain miero.~ome 
sys tem with respect to the effects of  detergents  on pho~phatidic acid synthesi~ from 
diglycerides is not  clear. Hc,wever, these observations point to the neces.~ity of stu- 
dy ing  the  exact  condit ions for op t imum diglyceride kinase act i~i ty in each system 
which is to be investigated.  

l#*ocA~,t. Bio#Ays. Acta. 67 (~c~3) 47o-484 
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E~rect @freezing of  fho~s  on diglyccride kinase activity 

I f  the  g h o s t s  were  f rozen  a n d  t h e n  t h a w e d  o v e r n i g h t  a t  2 ° t h e  d i g l y c e r i d e  
kin,'~,;e a c t i v i t y  wa~s a b o u t  t h r e e  t i m e s  g ~ a t e r  t h a n  wEen ghns t s  were  u sed  wh ich  we: 'e 
na t  f rnzen  bu t  were  ~tored a t  z ° for t h e  s a m e  pe r i od  o f  t i m e  (Tab le  I I I ) .  T h i s  g r e a t e r  
a c t i v i t y  of  the  f rozen a n d  t h a w e d  ghos t s  wa~s n o t  d u e  to  a r e d u c e d  r a t e  of  i n a c t i v a -  
t ion t)f the  cnzx,me d u r i n g  s to r age ,  b e c a u s e  i f  g h o s t s  wh ich  h a d  been  s t o r e d  for  t he  

"1" ,~. ~1 .I~ i l l  

I * ' V F E C T  O F  F R E E Z I N G  e l "  I ; ~ O S ~ I S  O.~q D I ; t L % ' C & ' I l l I ) I ' ~  K I N A S I ' :  A t " I I ~ . ' t T Y  

o . o o  4 5I cn ,u l s i f i ed  D- I , z - d i g l y c e r i d e  w a s  , l~,k .~. ,ulr;t  r~¢t¢. 

P ~ p l t a t t d , t  
C~ldtlio~t ots;~d lytltF~t,$ 

(mJtmolcs~gj'A ) 

[_: n froz~ll " ¢,o 
t . : rozel:  a n d  t t~aw(~ l  32.8 
F r o z e n  24 h l a t e r  ~tnd t h a w e d  24+6 

. ~ m e  a m o u n t  of  t i m e  in t he  u n f r o z e n  s t a t e  w e r e  f rozen  a n d  t h e n  t h a w e d ,  t h e y  a l so  
s h o w e d  a la rge  inc rease  in a c t i v i t y .  

Th i s  effect  o f  freezir, g m u s t  be  due  to  s o m e  c h a n g e  in t h e  s t r u c t u r e  o f  t he  m e m -  
b r ane ,  pos s ib ly  aT, i nc rea sed  p e r m e a b i l i t y ,  m a k i n g  t h e  d i g l y c e r i d e  ~ u b s t r a t e  m o r e  
access ib le  to  the  digl': :e r ide  k ina .~ .  

t-fleet of membrane conccJ~tr~,~ion tm diglyceridc kinase activi 0, 

T h e  d ig lyce r ide  k inase  a c t i v i t y  i n c r e a s e d  l i nea r l y  w i t h  t h e  cot tcent r .~ t ion  o f  
gh~ysts u p  to  a b o u t  x. 5 m g  d r y  we i gh t  o f  g h o s t s  pe r  i n c u b a t i o n  vesse l  (Fig.  z). I n  

3 =  

3C 

~5 

E 10 

, l I ! I 
0 . 4  C~8 I ~  1.6 2.0 

mg.(clr~ wt.]  o~ ghos t s  per  vesll4H 

F i g  z. E f f e c t  o f  increa~amg c u n c e a t r ~ t t o ~ e  o f  g h o s t s  o n  d i g l y c e r i d e  k ina~e  a c t i v i t y ,  o . o o  4 M 
, , m u l s i ~ e d  D-1,2 d l g l y c e r i d e  w a s  u~ed ~ s u h s t r a t e .  

Biochim.  Biophys .  A e l a ,  6 7  ( 1 9 0 3 )  4 7 0 - 4 8 4  
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rou t ine  ass.-:ys the  coneentr~'.tion of ghosts did net  exceed r m g  d ry  weigixt of  gho:.tg 
per  incuba(iun ¢.~ssel. 

Effects of  N r ~ a~d K ~ on diglyceride kinase 

Y.itber N a '  or K-  increased by several fold the format ion of  phosphat id ic  acid 
f rom A T P  and ~.--lded diglyceride (-l'able IV). Thi~ effevt of  Na + or K ~ was not  ob- 
ser~;ed in the a',~;ence of  added  dig!yceride. 

T A B L E  IV 

I~FFRCT.% OF SODIUM A~D POTA.~IU'q ON DIGI.YCER[Dg. KIN.~SF'. 

o.oo,$ M emulsified o-t.z-diglyceride w~Lq u.~t:d ~ ~uh~t~ate. 

A d d d ~ m ~  Phe>phartd;¢ 

S~t ; t¢~a  t 

o o 5 
0.03 u z 
O. [ O  O I ~  

O O.o.-~ 20 

('~ ¢). 1 ('~ 2 0  

Effects of  ouab.:iv o)t diglvccride kinasc 

Ouabain  inhibits  the sodium ]x>ta.gsium pumps  "~ and elevates the  level of  s:p_ 
labelled phosphat id ic  -c id  in salt gland .lices LOuabain  was wi thout  siglfificant 
effect on the  format ion  o f  pbosphat id ic  ~cid Gu,n [y a~p~ A'I'V and added dioleia 
(Table  V). This  suggests tha t  the inhibi t ion of  the sodium.-potassdum pumps by 
ouaba in  is unlikely to  be by  inhibi t ion of  diglyeeride kinase. 

T A B L E  V 

L A C K  O F  E F F F . C T  O l - "  O U A B A I N  O.~q " D I G L Y C E R I D E  K I N A ~ £  

5 p l  o f  d i o l e i n  was a d d s ]  aa the  0 i l  t o  air vessels. The v~l,w.~ are averages f rom th ree  exDc.--irnet~s. 

Ol,~¢J~Ji~ Ra.dioc,~w1' #,, 

¢on~t~ra*ion i~ ~ p k ~ T d ~  
( pc'r ¢ ~ tz  

,, ( ,oo) 
] - 4  " l o - s  to5  

Kina ic s  of phos#ha~,di¢ acid ~nthes is  

Fig. 3 shows the  kinetic curve  for the synthesis  o f  phosphat idic  acid- The  curve  
appears  t o  be made  up  o f  two componen t s :  an initial  linear componen t  with a ra te  

H i o c h i m .  8 iopkys .  A a a .  67  (x963) 47o-484  
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of about  35 m/tmoles/mo d ry  weight o f  ghosts]h,  and a second linear componen t  
with a ra te  of  about  3 m/~moles/mg/h. 

The falling off Lt~ the  initial rap id  cornI>onent was not  due to exh~,ustion of  
ca rbamyl  [W'Plphosphate since incubat ion in the  prc.mence of ten t i m ~  the  con- 
cent ra t ion  of ca rhamyl  phospha te  did not  al ter  the amount  of  ph,~sphatidic acid 
synthesi- 'ed or the  pa t t e rn  of  labelling o f  phosphat id ic  acid with time, 

A po.,zsible exp lana t ion  of  the  rapid  falling off of  the  init ial  rapid comlx 'nen t  is 
t l ,at  due to  the fact tha t  phosph;~tidic acid is fixed in lipoprt)teins in the m e m b r a n e  aT, 

1 . 0  

v, O . B  

L ~ l J I 
0 1 2 3 4 5 

T i m e  (mini 

F ig .  3 .  lg.incti~" c u r v e  for  tht :  s ) n ' , ~ v s t s  o f  p h o z p h a t i d i c  a c i d  f r o m  A T P  a n d  t l i g l y c e r i d e .  0 . 0 0 4  M 
e m u l s i f i e 0  tJ-i . z - d i g l y c e r i d e  x~,'~s u ~ d  ~-~ t h u  .~u lmt ra t e .  

only a finite amoun t  can lye 2)rmed before  all o f  the sites fi~r newly syn the~zed  
phosphat id ic  acid are filled eta the  l ipoprotein.  Once these  sites are filled with newly 
formed p h ~ p h a t i d i c  acid addit ional  phosphat id ic  acid is not formed f rom A T P  and 
diglyceride at there  sites. The  newly formed phosphat id ic  acid m a y  or m a y  not  ex- 
change its pho.-phate according tt~ the. react ions of  the phosphat id ie  acid cycle;  but  
this would not  in e i ther  cam lead to increased labelling in ph(mphatidic acid, since 
the phosphate  is a l ready  equi l ibra ted  with the ATP.  Thi'~ exp lana t ion  receives some 
supl~wt from an expe r imen t  in which lhe  rates of  s y n t h ~ i s  o f  pho~phatidic  acid were  
,~,mpared when o- t ,2 -d ig |yccr ide  was added as an oil and  when it was added  as an 
emulsion. Wi th  diglyceride added as an oil t he  initial ra te  of  synthesis  of  phos- 
phat idic  acid was considerably  less, ~ut  this r a te  was linear for  abuut  io  rain. The  
~ c o n d  c ompone n t  of  the  kinet ic  curve  began  when the  same ~unount of  phosphat id ic  
acid had been synth~ize. , i  as was ~bserved with emulsified 6iglyceride. A more  
detai led an,dysis of  the factors  under ly ing  the kinetics of phosphat id ic  acid syn- 
thesis is unde~vay .  

Formation of phosphatidic acid from a-glycoophospkate, fatty acids, Co 4,  and A T P  

KOr ' :BErG ^~O P r i c E r  ts dem ons t r a t ed  the  fo rmat ion  of phosphat id ic  acid 
from a-gl) ,cerophosphate  and  f a t t y  acid th ioes ters  of  CoA. In the  present  s tudy  a 
small bu t  significant fo rmat ion  of  phosphat idJc acid occur red  in ghosts  incuba ted  

Bio:him, Biophy,,  Ac ta  67  ( t 9 6 3 )  4 7 0 - 4 8 4  
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"FA i3L~ VI  

.~,VNTHESI~ OF P H O - g P H A r l l ) I I T  - '~CID B Y  ~.C~I 'LA'FI( . IN in-" C I - G L y C I ~ R O P l f O ~ H A ' r I - ~ :  

E r y t h r ~ × : y t ¢  ghtmt~ w e r e  i n c u l - ~ t c d  i n  o . -  5 rnl o f  m t : d i u m  L-ontaJning t h e  f o l l o w i n g  ad0dtion.q in 
t h e  indic.~ted final c o n ¢ e n t r a t i ~ m s :  o .o~z  M MgCI , .  o .oz  M i m i d a z o l e  h L s t i d i n c - T r i s  Doffer  ( p H  7 . t ) ,  
0 .047  M NaCI .  o .o6  M KCI,  o. t )!  M N a F .  o .oo  3 M ~ l i u m  adcnos in t :  d i p h o s p h a t e ,  0.4 u n i t s / n i l  
c a r b a m a t e  k i n a s e ,  0+oo 4 M a m m r > n i u m  c a r b a m v l  p h o s p h a t e  a n d  o . o 0 o  5 M ~ - g l y c e r o  lamP, phons - 
p h a t e .  T h e  speci f ic  a c t i v i t y  o f  t h e  ¢a -g lyce ro l~P  f p h o s p h a t e  on  rue d a y  o f  c o u n t i n g  w a s  2.84 • i,>= 
c o u n t s / m i n / H m o l e ÷  O t h e r  igc|dit~ona a r e  a s  i n d i c a t e d .  ~o l t l  o f  t h e  g l y c e r i d ~  w~re  a(ltlc,~ a s  tlmt~ 
oils. The fatty acids were present in ~ concent~tion of o ~ m  5 M. and the- CoA in a concent~- 

tion of o,ooot M. The vessels were incubated for t h ~t .io'. 

Iqto~pkartds'¢ 
A dditi~n~ .~id ~mth¢~i~ 

, ,,l;~ t*~d~'s] x.*~/A / 

Nont :  O.0OO 7 
"l'ri.~ p ~ I m i t a t e ,  T r i s  elects:  ,~,~<I CoA o÷oto  
l'Xd.lmztltlit~: a d d  o l e a t c  O r O O  Z 5 
CoA o.oofx> 
l-3i.~leht o,ooo 4 
z ~  [, z -  l) igl  yceri<l e o~o0o t 
M o n o o l e i n  o.<mz 4 

with a-glycero [s~P~phosphatc, CoA, palmitate ,  01eate, and mm-radi0act ive  ATP 
(Table VI). Omission of  CoA or fa t ty  acids decreased phosphat idic  acid synthesis,  
In this sys tem with a-glycero -azP iph~pha te  as the radioact ive precursor,  diglyce- 
rides or monoolein did not  lead to m:y increa.e in the formation of  radioact ive 
phosphat id ic  acid above  the control. 

Fig. 4 shows the kinetic curve for t h .  svnth<'si~ of  phosphat idic  acid from u- 

0.014 

0.~ 

~0.~ 

i O.~ 
.~ 0.~ 

~i o.~ L/I I I i i 

T ~  ~min) 

Fig .  4" T h e  k i n e t i c  c a r v e  f o r  p h o s p h a t i d i c  ac id  s y n t h e s i s  f r o m  a-glyceropho.~phate,  CoA.  f~t%t 
a c i d s  ~ n d  ATP÷ T h e  c o n d i t i o n s  o f  i t ; c u l ~ t i o n  w e r e  s i m i l a r  t o  t h ~  s h o w n  in T a b l e  V I .  e x c e p t  

t h~  r,.-ac~,~n ~ras s t o p p e d  a t  t h e  i n d i c a t e d  tim~-~. 
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glycerophosphate,  f a t ty  acids, CoA and ATP. The ra te  was e s~n t i a l ly  constant  
over the x-h incubat ion period. 

The synthesis of phosphatidic acid from monoglyceride and A TP 

P~_m.~C,F.R AND HOK~N+. t demons t ra t ed  the  format ion of e-lysophosph~-t;.5~.-: 
acid from ATI" and r,~onoglyceride in brain miccosome preparations.  The ly.~opbos- 
pltatidi¢, acid wa.s in turn  acyla ted  by  palmityI-CoA to form u-phosphat idic  acid. 
The da ta  in Table VII  indicate tha t  this p a t h w a y  for format ion of  phosphat id ic  
acid ia present in the er.~,throcyte membrane.  Maximum synthesis  of  phosphat id ic  
acid ~ c u r r e d  in the presence of  monoolein, pa lmi ta te  and CoA. Omission of a n y  

T A B L E  V I i  

5 Y ~ T H I - ; S I S  1)1F P H O S P H A T I D I C  A C I D  A N D  LYSOIPH4D, f i .PH.~"r IDIC A C I D  

l-'~tCOM M O N O G L Y C E R I D E .  A T P ,  CnA A S D  F A T T Y  A ~ I D S  

T h e  I>+qic. m e d i u m  w a s  t h e  s a m e  a s  d e s c r i b e d  u n d e r  EXPEF+IMENTAL for  t h e  d i g l y e e r i d e  k i n a s e  
a s s a y s .  +rite c o m p l e t e  sy~tt+rrt a l s o  c o n f i n e d  0+o04 M e m u l s i f i e d  r n o n o o l e i n ,  o . o o o l  M Trim pa l -  

mira're+ a n d  o ooox M C o A .  T h e  vcs~e!m w ~ r e  i ncuba t e< ]  fo r  30 t~ in  a t  .Io ~. 

O, so~s~at id i¢  p ~ n ~ i . d w  A :l~tirtav,~ acfug 

( , ~ u ~ J m r . t t )  (~a~oteslmglA) 

C<Jmplcte 0 .96  3.o'~ 
• M o n o o l e i n  o . o g  0 .70  

- P a l m i t a t e  o .8  t z. t o  
- -  C o A  t ,  3 ~  t . ~ o  

--Mt)n,×+lcin,  p a l m i t a t e  an<~ CoA o . t o  o 74 

one of the~-e" coml~ments  rex|uced synthesis.  Mon~x>lein alone s t imula ted  phosphat idic  
acid synthesis t3 ~ome ext~:nt, but  neither pa lmi ta te  Pot CoA was able to do so. 

Vv'hon monoolein was present there was some accumula t ion  of  lysophosphat idic  
acid, as has been previously observed for brain mierosorn~.  In the absence of  CoA 
there was more accumulat ion of lysoph(~sphatidic acid than  in its presence. This  
supports  the idea tha t  in the synthesis of phosphatidic acid from mono~lyceride 
lvsophosphatidlc acid is formed initially,  followed by  it-~ acylat ion.  However,  it  ~annot  
be ruled out ha t  a second pa thway ,  involving acylat ion of  monoglyceride,  followed 
by pho~phc~rylation, was also operative .HuBsCHER ~ has shown tha t  monoglycerides 
<:an be acyla ted  to fi)rrn diglyc~rides. 

The format ion of  p h ~ p h a t i d i c  acid from monoglyceride,  ATP,  CoA, and f a t t y  
a<:ids was Linear for z h (Fig. 5)- 

Relative rates of synthesis of phosphatidic acid in ghosts by the thr¢~ known pathways 

The above exper iments  show tha t  all three  of  the  known pathwaysS-6, u for 
s y n t h ~ i s  of phosphat idie  acid are plesent  in ghosts ;  however, their  activit ies differ 
cnnsiderably. The relative rates of synthesis  of  phosphat idlc  acid can be ascertained 
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Fig.  5. K i n e t i c  c u r v e  for  t h e  s.vnthL-~i~ ~)f ph~m pha t i d i e  acxd f rom molaoglycer ide .  A T P .  CoA a n d  
f a t t y  ac ids .  T h e  c o n d i t i o n s  fo r  i n c u b a t i o n  were  th," ~ame  a_s for t h e  c o m p l e t e  s y s t e m  in  T a b l e  V i  I. 

from the data in Figs. 3 5 .  which were from experiments using the same batch of  
ghosts.  Using the initial linear rates in all c a ~ s  the relative rates of  phosphatidic 
acid synthesis arc shown in Table VIII.  It can be seen that the rate of  synthesis of 

TAlq I .E V I I I  

R l =  ~ . A T I V E  R A I ' F . S  t '~F g ' a ' . ' C f H E S ] S  O1" P H O S P H A I ' I D I [ C  . g C | U  I N  G I I O S T S  

B Y  T H E  T H R K E  K.~O1.V.~I P A T I i ~ ' ; t Y S  

T h e  r a t e s  o f  p h n s p h a t i d i c  ac id  s y n t h e s i s  v ia  t h e  d i f f e r en t  pa thway.~ wer,~ c~dculated, f rom the. 
in i t i a l  llne-d.r ra teS s h o w n  in  Flg.~. 3-5- 

Mh~s pkat idgc 
Pal.~'gy ,~u~b~rat.'~ acid svmlkcs~; 

t mpmol¢ImLt.U 

P h t ~ s p h o r y l a t i o n  o f  <l iglyceride 
A e y l a t i o n  o f  t t - g l y c e r o p h o s p h a t e  

P h o s p h o r y l a t i o n  of  m o n o g l y c e r i : l e  
fo l lowed  b y  a c y l a t i o n  o f  I ) , ~ -  
p h o . s p h a t i d i c  ac id  

~ y - " P j A T P ,  , l ig ]ycer ide  33.6 
. - g l y c e r o  [ " ; '~e : , c~ , ; :~ : t e ,  Co .L  ole~xte, o .oz3 

p a i m i t a t e ,  ATI"  
[ ~ - " P ! A T P .  m o n o g l y c e r i d e .  CoA. o.84 

p a l m J t a t c  

phosphatidic acid by the -~iglyccride kinase reaction was forty times greater thdn 
the rate of  synthesis from m,~noglycerkie, ATP,  CoA0 and fgtty acids .,_rid about 
• 50o times greater than ;h:  :~: ,  o¢ synthe~Ls from a-glyc~.rophosphate, ATP.  CoA 
and fatty acids. 

Uiochsm.  B i o p b y s . . 4 c l a ,  67 (x963)  47o--484 



4 8 2  L, E, H O K I N ,  M. R. HOKIN 

DISCUSSION 

~gign,ficance of t~e varicus pathways for synthesis of  pho.spha:/dic acid in ~rythrocvte 
membrane.~ 

Of the three pa thways  previously demons t ra ted  for the syntho_3is of  phosphatidac 
acidS-5, °a diglyceride kinase is the most active in ghosts from human  erythrocytes .  
The second most  active pa thway ,  t ha t  involving phosphorylat ion of  monoglyceride 
followed i)y acylat ion is about  one-fort ieth as active. The tlLird pa thway  tha t  invol~,ing 
acylat ion of  glycerophosphate is less than  one- thousandth  as active a.s diglyceride 
kinasv. Previous studies with brain microsome.~ ~ have shown tha t  the pa thway  in- 
volving s t r i a t i on  of  a-glycerophosphate  does not  part icipate  in the acetylcholine- 
s t imulated renewal of phosphate  in phosphatidic acid, a proc~-~ which is believed 
to be concerned in sodium transport .  The p a t h w a y  involving phosphorylat ion of 
monoglyeeride followed by acylat ion cannot  be rigorously ruled out as the mecha- 
nism involved in the acetylcholine-st imulated renewal of  phosphate  in phosphat idic  
acid. But since the diglyceride kinase reaction is at  least ten t imes more active and  
is the only pa thway  whicl~ shows sufficient ac t iv i ty  to account  for the Na 4 + K*- 
dependent  ATPa-~e (see below) it is the  more Likely candidate .  Fur thermore ,  radio- 
active lysophosphatidic acid is never seen un chromatograms  of the  tota l  lipid 
ext rac ts  of  tissues such as the salt gland af ter  s t imula t ion  with  acetylcholine, which 
clevatc-z the radioact ivi ty  in phosphat idic  acid zs-fold ~m+ 

It c~,ald be argued t h a t  i f  f a t t y  acid thioesters of CoA had been used as sub- 
strate~ instead of f a t t y  acids, CoA and  ATP,  the activit ies of the pa thways  involving 
acylat ion of either lysophosphatidic acid or a-glycerophosphate  might  have com- 
pared more favorably with the diglyceride kinase pa thway .  However,  it should be 
ptfinted out tha t  sodium t ranspor t  in ghosts is ini t ia ted on adding ATP as the only 
sub~tratt~m, ~, so t ha t  in comparing the v~xious pa thways  for their  possible role in 
.~xlium transport  one should consider the overall rates s tar t ing with ATP.  

Co~npari.¢on of the actit, itCes of the diglyc,'l, ide leinase reaclion and the Na ÷ + K +- 
depend~tt A TPase in ghosts 

The phosphatidic acid cycle i.~ an ATPase*. ~. Followi,~g the: eazlier studies of 
SKot "~ on crab nerve microsomes, P o s t  et aL 7 and DUNHAM AND GLY.x~ ~ found a 
Na + + K--dependent ,  ouabain-inhibitab~e ATPase  in ghosts. The ac t iv i ty  of  this 
enz).'me reported by PO~T et al. 7 averaged 2o m/xmoles]mg dry  weight of  ghosts/h.  
An impor tan t  point  to  establish is whether  the diglyceride kinase ac t iv i ty  in a mem- 
brane which pumps  sodium is su~c ien t  to  account for the Na + + K+-dependent ,  
ouabain-inhibitab. 'e, ATPase  (SEy ^~D POST ~° have found tha t  3 Na÷ are t ranspor ted  
per A T P  hydrolyzed).  In the earlier s tudies using brain microsomes, in which the 
diglyceride kinase reaction was first demonst ra ted ,  conditions were not worked out 
for m a x ~ u m  ac t iv i ty  of this enzyme. Various factors involved in the assay of 
cliglyceride kin~se have been studied here, and it has been possible to demons t ra te  
a diglyceride kinase ac t iv i ty  in ghosts  which is as high as the Ha+ -F K+-dependent  
ATPase ac t iv i ty  reported by POST et aLL In ghosts,  a t  any  rate,  the ac t iv i ty  of  the  
diglyceride kinase reactio~ is thus  sufficient to  be a component  of the Na + + K +- 
dependent  ATPase,  
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I t  should be emphas ized  tha t  under  the condit ions of  assay for diglyceride 
kinase the Na + + K - - d c p c n d e n t  ATPase  was probably" not  functioning Fluor ide  

. ~lt~ ion profoundly" inhibits  the Na + + was used it,. the d ig lyce~de kinase assay, a~'~d ' : 
K~-,I.ependent ATPase  in e r y t h r o c y t e  membrane~ m. However .  the conclusioa tha t  
digtyceride kinase i~ present  in the e r y t h rocy t e  membrane  in sufficient quant i t ies  t J 
account  for the repor ted  act ivi t ies  of the Na ~ : K t - d e p e n d e n t  ATPase  is ~till valid. 
The  ATPase  ac t iv i ty  need not be functioning under the condit ions in which digl.vce- 
r ide kina~e is assayed,  since the ATPase  ac t iv i ty  is presumably  a resul tant  of  severM 
indiv idual  c omponen t  reactions.  I f  arty component  o ther  than  diglyceride kinase 
were blocked the  diglyceride kinase would still be demonst rab le  but  the ATPa~e 
would not  be. E x p e r i m e n t s  are now in progress to de termine  the relat ionship between 
the: " " '  . , a - k  K*-dcF , t r ident  ATI'a.~: activ~_ty and phosl~hafidic acid c~cle activity' 
under  condit ion~ in which the  ATP't.~ ~. i.s functioning.  I t  should also be pcfinted ~;ut 
tha t  to  a.ssay m a x i m u m  diglyceride kina.,~', ac t ivi ty ,  diglycerides were added exo- 
geneously.  I f  diglyeeride kinase is a component  of the Na-  + K+-dependent  Aq I':t.~e 
it would  normal ly  act  on the endogenou~ digly, ceride within the  membrane  s t ructure .  

I t  ~ pr t  ~ ble tha t  the  diglyceride kinase activitie~ reportc~l here are minimal 
value~. In  tL. ~rst  place, as has been clearly demons t r a t ed  here, the  acc~s ib i l i ty  of  
the  exogeneo'as diglycerlde to the membrane  is of considerable impor tance  in de- 
t e rmin ing  the  ac t iv i ty  of  diglyceritle kinase. It  is likely tha t  the endogenous  diglyce- 
ride fixed within the  m e m b r a n e  would be more  acce.~,~ible to diglyceride kinase 
dur ing  opera t ion  of the phosphat id ic  acid cycle. Secondly,  the  endogenous diglyce- 
ride m a y  l~  more  act ive as a subs t ra te  because of  a more  favorable  f a t t y  acid com- 
position. Thi rd ly ,  we have  so far been un~ttt:.c.~_-,ftil h, a ~ a y i n g  diglyccridc !r2aase 
unde r  condi t ions  in which ptaosphatidic acid phosphatase  is comple te ly  inhibited.  
For  these reasons, it seems qui te  probable  t ha t  the total  diglyceride kinase ac t iv i ty  
in the  m e m b r a n e  m a y  very well exceed the Na" + K ' - d e p e n d e n t  ATPase  ac t iv i ty  
by  a considerable factor.  

Effects of  ~odium and potassium on diglyceride kinase activity 

The  s t imula t ing  effects iff s ~ i u m  anti potassium on diglyceride kinase ac t iv i ty  
are  difficult to  in terpre t ,  i t  is doubt fu l  if  the diglyccride kinase component  of the 
phospha t id ic  acid cycle is dependen t  on t h e e  ions..~inee sodium and potassium were 
w i thou t  effect ~nt the labelling of phosphat id ic  acid from [7-~1 '- A T P  when diglyce- 
ride was omi t ted .  I t  is al.~r~ doubt fu l  tha t  the specificity of  the sodium pump for 
sodium could be de t e rmined  by  diglyceride kinase. ~ince potassium seemed to bc 
equa l ly  effective in stimu!-,.ting diglyceride kinase a c r i d l y .  A possible role o f  the 
ph0sphat id ic  ac id-conta ining l ipoprotein  in de termining  the specificity of  the pump  
for Na+ has been discussed elsewhere t,a. 

Ac K XOWLEOGEME.~'T 

This  i n v ~ t i g a t i o n  was aided by grants  from the  Natiunal  Ins t i tu tes  of  Heal th ,  The  
Uni ted  Cerebral  Palsy  Re:se~rch and Educa t iona l  Founda t ion ,  and the  Wisconsin 
Alumni  Research Founda t ion .  The  Authors  are grateful  to  M.r. ~V. NOEL and Mrs. 
S, U,~AL for valuable technical a~stance. 

13iochzm, Biophys . .4c~.  67 (tt~63) 4 7 o - 4 8 4  



484 L. E.  HOICIN. M. R. HOKIN 

R E F E R E N C E S  

x L. E .  ]tOl~:i:~ Atop M.  R .  HOKi~,  .Pyo~. First ]n$~'n. Pharmacological ~¢¢111~, Sto~hkolm, ~96t, 
Vol. 4. p e r g a m o n  P r ¢ ~ .  I ,ondo•,  r96z ,  p. z3.  
L. E.  l lol~lN A~D ,M. R. HOKIN, J6th Annua l  Zt~eotitJg of the FederaTion of American Societi~.~ 
for Expfrir~r~tal Biulogy, Aria,tic. CtO, , New Jcr.~y, r 9 6 z ;  Federation Pro~., 21 (1962} in  t h e  
press .  
M. R .  l i o s s . q  ^.~D L,  E.  HoKx~,'. f i  B~ol. Chem., 234 (I959) x38J.  

* R.  A. P I~ 'K~GER ^NtJ L. E.  H o ~ l ~ ' ,  J .  BioL Che'm., 237 {t962) 653. 
|~ .  A. PIER1~O~'~R ^ ~ D  L. E.  IiOKI.~, J .  ~ i o L  C ~ m . ,  z 3 7  Ix96~} 659- 

• L.  E .  i | o ~ s  ^ ~ D  .%1. ~ .  HoKII¢, ~a/u~,~,  t ~ 9  (x96x)  8~6 .  
R. Co POST. C. R.  ~II-IRRIT. C. R .  ]~IN~LVING AND C. D÷ ALI~g-IGIII", J .  Bio2. Chem., 235 (1~6o 
x 796. 

• U. B ~ x ~  A~L~ O, Ae~deRVST~R, Z. Naturfors¢t~., x3b (x958) 79, 
t G. V. ]~|Ag:INF.1"TI, J .  ERBLAND ^ND J .  KOCHI~N, Fedoralion Proc., s5 (x~57} 837. 

to L E.  H o g I s  x~D l~I. R.  H o x L ~ .  BioMiim. Biophys. Act~, 67 ( t ~ - 3 )  485. 
t t  D. N. RHODE$ AND C. H. L~A, Biochem. J . ,  65 (x957) 5a6.  
x: D. J. FIA.~H^~ ^t~D It. V~RC^~eR, J .  Am+ Chem. 5o¢., 76 (~954) 18°4.  
i* po QUINLIN AND | i .  J .  X~'EISIER, JR+, J .  An; .  o i l  CA~gs t$"  So t . .  35 {1958) 3~3 • 
~' H÷ K÷ ~[ANGOLD AND N. TUNA. Federatio~ Proc., 20 ( I 9 ~ I  ] 268. 
t~ M. H.  THORNTON, C. S. J o t t l q s o u  A~D 31. A. EWAN, Oil a n d  Soap, 2! (1944) 85. 
1* R.  L. METZENBERG. M..~blARSHA~ AND P. P .  COHLEN, Bioc~em.  Preparations, 7 ( x ~ o )  23. 
t~ R L. Mr '1 .ZZN~R¢ .  L.  M. HAL~. M. MARSHALL A~r~ P.  P, C o . E . g .  Jr. BioL Ch~m,. az  9 (1957) 

lOI~). 
~s R,  M. C. l)^wso~. 19iotA:re. Biophy~. Ac3a. x4 ( | 9 5 4 )  374. 
~* H-  E.  ~rADI-; AWD D. ~1. MORGAN, .~'a~re, I 7 I  (1053) 529. 
I* E.  P .  K ~ N F . D V .  p e r s o n a l  c o m m u n i c a t i o n .  

I-l. J .  S ¢ | t A r z m A t ~ ,  Heir. Ph).stoL Pharnmcol. A~ta, ! t ( I953)  ~46. 
t t  L.  E. tIOZL~ A.~D M. l~  H O R ~ ,  J,  Gen. PhysioL, 44 0 9 6 ° )  61. 
n A. KORNBERG AND ~ ' .  E.  PRICER, J ,  ~ o ~ .  C ~ m . ,  204 {~953) ~l~eS- 
t ,  G.  H u g s c u ~ .  Biochim. Biophys. Acla, 52 (196I]  582. 
~tg L. E .  HOKIN AND .~. ~ .  t l o ~ t ~ ,  J .  Biol. Chetn., ~34 (~959) t589 .  

G. GARDOS, .4eta PliyMoI. ^cad. Set. Hung., 6 ( I954)  19I .  
J .  F.  Hor~F~x~.  Federation Proc., ~9 (~96o|  I27 .  

:• J .  C. Sl~otJ, Bioc~;im. Biopl~ys. ~c~a, 23 (1957) 394. 
|* E~ T. DO>HAle AND J..~1. GLYNN, J .  Physiol s56 (t96~) 274. 
' •  A. K .  SF..w ^~¢~) R. I. POST, Federation Proc., 20 (~96~) x38. 
"~ L. F-. HOKIN AI~D ;%I. R. | IOKt~ ,  u n p u b l l s h t ~ l  o b s e r v a t i o n s .  

Biochim. BioghTs. ,It#a, 67 (1963) 470--484 


