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Summary 

1. Treatment  of membranes of  Acho lep la sma  laidlawii B with phospholipase 
A2 from pig pancreas and phospholipase C from Bacillus cereus results in com- 
plete hydrolysis of phosphatidylglycerol.  

2. Phosphatidylglycerol is not  required for the activity of  two membrane- 
bound enzymes: NADH oxidase and p-nitrophenylphosphatase.  A slight 
increase in activity of those enzymes is observed upon complete  hydrolysis of 
phosphatidylglycerol.  

3. 90% of the phosphatidytglycerol can be hydrolysed with phospholipases 
A2 and C wi thout  loss in activity of  Mg2+-dependent adenosinetriphosphatase 
(Mg2+-ATPase). Hydrolysis of the residual 10% phosphatidylglycerol strongly 
reduces the Mg2+-ATPase activity. 

4. Modification of phosphatidylglycerol to phosphatidic acid by phospho- 
lipase D from cabbage does not  effect  the Mg2+-ATPase activity. 

5. The inactivated Mg2+-ATPase in phosphatidylglycerol-depleted membranes 
can be reactivated by adding phosphatidylglycerol,  phosphatidic acid or phos- 
phatidylserine but  not  with phosphatidylcholine, phosphatidylethanolamine 
nor any of the A.  laidlawii lipids except  phosphatidylglycerol.  

6. The ability to restore full Mg2+-ATPase activity in membranes which con- 
tain less than 2% of their original amount  of phosphatidylglycerol is lost gradu- 
ally upon prolonged incubation times. This irreversible loss of Mg2+-ATPase 
activity is not  accompanied by a measurable hydrolysis of the residual phospha- 
tidylglycerol. 

7. Reconst i tut ion experiments show that the fat ty  acid composit ion of both 
the (residual) phosphatidylglycerol present in the membrane as well as the 
added phosphatidylglycerol,  determine the activation energy of the Mg 2+- 
ATPase and the temperature at which a break in the Arrhenius plot occurs. 
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Introduct ion 

Phospholipases have been used successfully in studies concerning the role of 
phospholipids in membrane structure and function. We have demonstrated 
earlier that  complete hydrolysis of phosphatidylglycerol in Acholeplasma laid- 
lawii cells hardly affects the integrity of the cell membrane of this organism 
[1]. The present report describes the effects of phosphatidylglycerol hydrolysis 
on membrane-bound enzymatic activities. A. laidlawii is a suitable organism for 
this type of experimental approach. The membrane contains only one substrate 
for phospholipases (phosphatidylglycerol) which accounts for 30% of the total 
lipid content.  This implies that  alterations in membrane-bound enzymatic activ- 
ities following hydrolysis must be ascribed to the modification or removal of 
this specific phospholipid or to the accumulation of hydrolysis products. The 
latter possibility can be investigated by using various phospholipases. 

Three enzymes, belonging to the group of intrinsic membrane proteins [2], 
have been studied: NADH oxidase, p-nitrophenylphosphatase and Mg2+-depen- 
dnet  ATPase. As could be expected from the results of de Kruyff  et al. [17] 
we can conclude that  the first two enzymatic activities are not  effected by the 
removal of phosphatidylglycerol. The reported lipid dependence of the Mg ~+- 
ATPase can be described more specifically as a requirement for phosphatidyl- 
glycerol. This is shown both by depletion and reconsti tution studies. 

Materials and Methods 

Organism. A. laidlawii strain B was cultured on a lipid poor tryptose medium 
supplemented with various fa t ty  acids at a final concentration of 0.12 mM [3]. 
In a number of experiments [1-14C]elaidic acid was added to the growth 
medium. 

Preparation of  cell membranes. Membranes were isolated according to the 
method described by van Golde et al. [4] and finally suspended in a 1 : 20 
diluted fi-buffer containing 0.15 M NaC1, 0.05 M Tris and 0.01 M fi-mercapto- 
ethanol adjusted at 24°C to pH 7.4 with HC1. The protein concentration in 
these preparations was 5 mg per ml and was determined with the method of 
Lowry et al. [5]. Membrane preparations were stored at --80 ° C. 

Phospholipase treatment. Incubations with purified phospholipase A2 (EC 
3.1.1.4) from pig pancreas (a gift from Dr. G.H. de Haas) were carried out at 
37°C in the presence of 20 mM CaC12. In experiments with very short incuba- 
t ion periods (in the order of minutes), EDTA (ethylenediaminetetraacetic acid) 
was used to stop phospholipase action. Other phospholipase A2 treatments 
were stopped by diluting the incubation mixture with a large volume of ice- 
cold 1 : 20 diluted ~-buffer. It was necessary to avoid EDTA as much as possi- 
ble because it strongly reduced the activity of Mg2*-ATPase in phospholipase- 
treated as well as untreated membranes. This reduction in enzymatic activity 
was due presumably to a disruption of membrane structure by complexation of 
bivalent cations. 

Treatment  of membranes with purified phospholipase C (EC 3.1.4.3) from 
Bacillus cereus (kindly provided by Dr. R.F.A. Zwaal) was carried out as 
described for phospholipase A2. In addition 1 mM ZnC12 was present in these 
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incubations. Phospholipase D (EC 3.1.4.4) from cabbage was obtained from 
Boehringer (Mannheim). Incubations were carried out in the presence of 100 
mM CaC12. At the end of each phospholipase incubation, membranes (also 
untreated controls) were washed three to four times with diluted ~-buffer. No 
phospholipase activity could be detected in the final membrane suspensions. 
Determinations of the extent  of hydrolysis of phosphatidylglycerol and fa t ty  
acid analysis were carried out  as described before [ 1 ]. 

Enzyme assays. Mg2+-ATPase activity (EC 3.6.1.3) was measured according 
to Pollack et al. [6]. 650 pl membrane preparation containing 50--300 pg pro- 
tein was mixed with 250 pl of a buffer containing 1.25 pmol MgC12, 1.10 pmol 
NaC1 and 50.0 pmol Tris • HC1 adjusted to pH 8.0 at 24 ° C. The pH of this buf- 
fer appeared to vary between pH 7.7 and 8.2 at 37 and 5°C, respectively. No 
alterations in the specific activity of ATPase could be measured due to this 
limited shift in pH. After 2 min preincubation at the desired temperature, 
incubations were started by adding 100 pl ATP solution (1.25 pmol). The reac- 
tion was stopped with 1 ml ice-cold 10% trichloroacetic acid after 15 or 30 
min. The protein precipitate was removed by centrifugation and a phosphate 
determination according to Chen et al. [7] was carried out on the supernatant. 
In order to correct for a non-enzymatic hydrolysis of ATP all measurements 
were standardized with respect to time and compared with appropriate blanks. 

For the construction of Arrhenius plots of  the Mg~+-ATPase activity, activ- 
ities were determined for at least eight different temperatures and three differ- 
ent incubation periods at each temperature. From the initial velocities of the 
ATP hydrolysis, specific activities were calculated and used for the Arrhenius 
plots. NADH dehydrogenase (oxidase) activity (EC 1.6.99.3) was measured 
continuously at 37°C as described by Pollack et al. [6] in a double beam spec- 
t rophotometer ,  p-Nitrophenylphosphatase activity was assayed according to 
Ne'eman et al. [8]. The incubation mixture consisted of 0.4 ml buffer contain- 
ing 100 pmol Tris • HC1 (pH 7.6) and 5 gmol MgC12 to which 0.5 ml membrane 
suspension was added containing 200--400 pg membrane protein. The reaction 
was started by addition of 0.1 ml p-nitrophenylphosphate (10 pmol). The 
adsorbance at 420 nm was measured continuously in a double beam spectro- 
photometer  against the same mixture without  substrate. 

Preparation of lipid dispersions. A. laidlawii lipids were isolated from a 10 1 
culture by extraction of isolated membranes according to Bligh and Dyer [9] 
followed by preparative thin-layer chromatography on 0.5 mm silica gel H 
plates with chloroform/methanol/water/acet ic  acid (65 : 25 : 4 : 1, v/v) as 
developing system. Lipids were stained with iodine vapour and isolated by 
scraping off  the silica gel and elution with chloroform/methanol  mixtures. 
Phosphatidylcholine and phosphatidylethanolamine were obtained from egg 
yolk [10,11]. Phosphatidic acid was prepared from egg yolk phosphatidylcho- 
line by digestion with phospholipase D from cabbage [11]. Phosphatidylserine 
was isolated from pig brain according to the procedure of Sanders [12]. 

Handshaken liposomes were prepared by drying 1 or 2 mg lipid as a thin film 
on the wall of a round bot tom flask and suspended with a glass bead in 1 ml 
1 : 20 diluted ~3-buffer. 
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Results 

Treatment with phospholipase A2 and C 
Phospholipase A2 t reatment  of isolated membranes of A. laidlawii results in 

hydrolysis of  phosphatidylglycerol only. Table I shows that the phosphatidyl- 
glycerol content  of treated membranes is reduced from 30 to 1% of the total 
lipids. No lysophosphatidylglycerol  can be observed after incubation with phos- 
pholipase A2 which can be explained by  the presence of membrane-bound lyso- 
phospholipase [4]. Furthermore Table I shows that none of the other A. laid- 
lawii lipids is affected by phospholipase As. Also for phospholipase C from B. 
cereus there appears to be only one suitable substrate present in the membrane 
of  A. laidlawii. As can be seen from Table I t reatment  of these membranes with 
phospholipase C results in an almost complete  conversion of phosphatidylgly- 
cerol into diglycerides, the other lipids remaining unaltered. And finally, phos- 
pholipase D from cabbage converted phosphatidylglycerol into phosphatidic 
acid. 

The activity of three different membrane-bound enzymes was tested on 
membranes treated with phospholipase A2 and C. Table II shows that the activ- 
ity of both NADH oxidase and p-ni t rophenylphosphate  is increased when phos- 
phatidylglycerol is hydrolysed.  

In contrast, removal of phosphatidylglycerol strongly reduces the activity of 
the membrane-bound Mg2+-ATPase in A. laidlawii. As can be seen from Table II 
only 35--45% of the original activity is left. To exclude the possibility that the 
decrease in Mg2+-ATPase activity is due to an inhibitory effect of the free fat ty  
acids, liberated during phospholipase A2 action, membranes were washed with 
lipid poor  bovine serum albumine. The results show that the presence of free 
fat ty  acids does not  interfere with the ATPase activity (Table II). Removal of 
diglycerides produced during phospholipase C treatment  by anhydrous ether 
extraction as described by Roelofsen and van Deenen [13] was not  possible. 

T A B L E  I 

L I P I D  C O M P O S I T I O N  O F  A .  L A I D L A W H  M E M B R A N E S  A F T E R  T R E A T M E N T  W I T H  V A R I O U S  

P H O S P F I O L I P A S E S  

D a t a  are e x p r e s s e d  as p e r c e n t a g e s  of  the  to ta l  l ip id  c o n t e n t  o f  the  m e m b r a n e .  M e m b r a n e s  were  i so la ted  
f r o m  cells g r o w n  on  [ 1 - 1 4 C ] e l a i d a t c  and  i n c u b a t e d  w i t h  excess  p h o s p h o l i p a s e  fo r  60  ra in  at  37°C.  

Lip id  Con t ro l  T r e a t e d  wi th  T r e a t e d  wi th  T r e a t e d  w i t h  
p h o s p h o l i p a s e  A 2 p h o s p h o l i p a s e  C p h o s p h o l i p a s e  D 

f r o m  p ig  p a n c r e a s  f r o m  B .  c e r e u s  f r o m  c a bba ge  

Dig lyce r ide  1 1 

F a t t y  acid  2 33 
M o n o g l u c o s y l d i g l y c e r i d e  38 38 
Digluc osy ldigly cer ide  18 17 

P h o s p h a t i d y l g l y c e r o l  30  1 
Diglue  osy ld ig ly  cer ide-  

g lyce ro  3 - p h o s p h a t e  4 3 

U n i d e n t i f i e d  6 6 

31 

3 70 * 
38 
16 l S  

1 1 

4 4 
6 6 

* I n c l u d i n g  the  re leased  p h o s p h a t i d i c  acid.  
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T A B L E  II  

E F F E C T  OF P H O S P H O L I P A S E  T R E A T M E N T  ON T H E  A C T I V I T Y  OF M E M B R A N E - B O U N D  
E N Z Y M E S  IN A. L A I D L A W I I  

M e m b r a n e s  were  i n c u b a t e d  wi th  excess phospho l ipase  for  2 h at  37°C.  In this case 98% hydro lys i s  of  
p h o s p h a t i d y l g l y c e r o l  cou ld  be m e a s u r e d .  

M e m b r a n e  t r e a t m e n t  Percen tage  of  specific act iv i ty  of  u n t r e a t e d  cont ro l s  

N A D H  oxidase p- N i t r o p h e n y l p h o s p h a t a s e  Mg2 +-ATPase 

Phosphol ipase  A 2 126 106 35 
Phosphol ipase  A2, 

washed  wi th  bov ine  
s e r u m  a l b u m i n e  130  124 39 

Ph osphol ipase  C 118 145 45 

Restoration of  Mg2+-ATPase activity 
Phospholipase A2-treated membranes were used for reactivation experiments 

with various lipids. Removal of free fat ty acids from phospholipase A2-treated 
membranes, prior to reactivation with lipids did not  influence the extent  of 
reactivation of the Mg2+-ATPase. A number of preliminary experiments were 
carried out to find the optimal conditions for reactivation. Different lipid dis- 
persions were tested: bandshaken liposomes prepared as described in Materials 
and Methods; vesicles obtained by sonication of handshaken liposomes; 
liposomes prepared according to Batzri and Korn [14] and finally handshaken 
liposomes prepared with a membrane suspension in stead of a 1 : 20 diluted 
H-buffer, with additional sonication. Optimal results were obtained with hand- 
shaken liposomes in a 1 : 20 diluted j3-buffer, sonicated for 5 min. The pres- 
ence of Mg 2÷ (10 mM) does not influence the efficacy of reactivation of Mg 2+- 
ATPase. Different preincubation times (up to 3 h) prior to the ATPase assay, 
did not improve the reactivation. A preincubation time of 15 min was allowed 
before each ATPase assay was started. 

Various lipids including the A.laidlawii lipids were tested for their ability to 
restore the Mg2+-ATPase activity. It is shown in Table III that  from the A. laid- 
lawii lipids only phosphatidylglycerol is able to induce a partial restoration of 
the Mg2+-ATPase activity. The negatively charged phospholipids, phosphatidic 
acid and phosphatidylserine, exhibit the same activity whereas the neutral 
phospholipids appear to be unable to reactivate the enzyme. 

Supporting evidence for the ability of phosphatidic acid to restore the 
ATPase activity comes from an experiment with phospholipase D from cab- 
bage. Modification of the total phosphatidylglycerol content  of the membrane 
into phosphatidic acid (see Table I) has no effect on the Mg2+-ATPase activity. 
From these results it can be concluded that  phosphatidylglycerol is involved in 
the Mg~+-ATPase activity in A. laidlawii membranes. 

Relation between Mg2+-ATPase activity and phosphatidylglycerol content of 
the membrane 

A number of experiments were carried out to establish the approximate 
amount  of phosphatidylglycerol which is required for enzymatic activity. Sam- 
ples were taken from membrane preparations which were incubated with phos- 
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T A B L E  n I  

A B I L I T Y  OF V A R I O U S  LIPIDS  TO R E S T O R E  T H E  Mg2+-ATPase A C T I V I T Y  OF P H O S P H O L I P A S E  
A 2 - T R E A T E D  M E M B R A N E S  F R O M  A.  L A I D L A W I I  

3 .75  p m o l  l ipid was a dde d  pe r  m g  m e m b r a n e  p ro te in .  In  all e x p e r i m e n t s  co n t ro l  i ncuba t ions  wi th  
u n t r e a t e d  m e m b r a n e s  were  car r ied  out .  A d d i t i o n  of  l ipids to these m e m b r a n e s  resu l ted  in a var iable  reduc-  
t ion  of  ATPase  ac t iv i ty  b e t w e e n  5 and 15%. To  c o r r e c t  fo r  this the  da t a  are expressed  as pe rcen tages  of  
the  specif ic  ac t iv i ty  of  Mg2÷-ATPase of  u n t r e a t e d  con t ro l s  to  wh ich  the  same a m o u n t  of  l ipid was added .  

Lipid added  to the m e m b r a n e  Specific ac t iv i ty  of  Mg2+-ATPase 

No lipid added  37 
Phospha t idy lg lyce ro l  74 
Monogluc osyld ig lycer ide  36 

Digluc osy ldigly c eride 38 
Digluc osy ldigly c er ideglyc  ero 

3 -phospha te  plus unident i -  
fied lipid 43 

Phospha t id ic  acid 74 
Phospha t idy l se r ine  72 
Phospha t idy l cho l ine  28 
P h o s p h a t i d y l e t h a n o l a m i n e  38 

pholipase A2 or C at different intervals and assayed for residual phosphatidyl- 
glycerol and Mg2+-ATPase activity. About  90% of the phosphatidylglycerol can 
be hydrolysed wi thout  a substantial decrease in enzyme activity (Fig. 1). By 
contrast  even a 25% increase in activity has been measured which might be due 
to the exposure of more enzymatic sites of  the Mg2+-ATPase or a facilitation of 
the penetrat ion of ATP to the active centre of  the enzyme. It is obvious from 
these data that  the majority of phosphatidylglycerol is not  required for Mg 2+- 
ATPase activity. Hydrolysis of the residual 10% phosphatidylglycerol results in 
a sharp decrease in Mg2+-ATPase activity. Not only the extent  of  phosphatidyl- 
glycerol hydrolysis, but  also the incubation time which was required to obtain 
an extensive hydrolysis, effected the residual Mg2+-ATPase activity. Fig. 2A 
shows that a prolonged incubation in the presence of phospholipase A: results 
in a gradual decrease of the enzymatic activity wi thout  a measurable hydrolysis 
of  the small amount  of  phosphatidylglycerol left. Reconst i tut ion experiments 
demonstrate  that  the initial loss of Mg2+-ATPase activity is reversible (Fig. 2B). 
Maximal reactivation can be obtained with phosphatidylglycerol at a lipid to 
protein ratio of 4 to 1. At longer incubation periods, however, the enzymatic 
activity is irreversibly lost. After 5 h incubation only 20% of the Mg2+-ATPase 
activity (as compared with a control  incubation wi thout  phospholipase) 
remains and reconsti tution of the Mg2+-ATPase activity is hardly possible. These 
data strongly suggest that phosphatidylglycerol  is required not  only for Mg 2+- 
ATPase activity but  also for maintaining the stability of the enzyme. 

Influence o f  the fatty acid composition o f  phosphatidylglycerol on the specific 
activity o f  Mg2+-A TPase 

Membrane lipids of A. laidlawii membranes can be varied in their fa t ty  acid 
composi t ion by the addition 6f fat ty  acids to the growth medium of this 
organism [15].  Two types of membranes have been used in the following 
experiments. The phosphatidylglycerol of linoleate-enriched cells contained 
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Fig. 1. Re la t ion  b e t w e e n  p h o s p h a t i d y l g l y c e r o l  and Mg2+-ATPase ac t iv i ty  of  A. laidlawii m e m b r a n e s .  Mem- 
b ranes  were  isolated f r o m  cells g rown  on [1 -14C]e l a lda t e  and i n c u b a t e d  with phospho l ipase  A 2 (o) and 
C (X).  Samples  were  assayed for  p h o s p h a t i d y l g i y c e r o l  c o n t e n t  and residual  Mg2+-ATPase act ivi ty .  The  da t a  
are  expressed  as p e r c e n t a g e  of  t h e  in i t i a l  p h o s p h a t i d y l g i y c e r o l  c o n t e n t  an d  as pere,~'ntage of  t h e  s p e c i f i c  
ATPase  act ivi ty  of  app rop r i a t e  c on t ro l  i ncuba t ion .  

Fig. 2. Re la t ion  b e t w e e n  p h o s p h a t i d y l g i y c e r o l  c o n t e n t  and Mg2+-ATPase ac t iv i ty  of  A. laidlawii m e m -  
b r a n e s  and  r eac t iva t ion  by  pbos pha t i dy lg iyc e ro l .  M e m b r a n e s  were  isola ted f r o m  cells g ro wn  on [ 1 - 1 4 C ] -  
elaldic acid and  i n c u b a t e d  wi th  phospho l lpase  A 2. The  e x t e n t  of  p h o s p h a t i d y l g l y c e r o l  hydro lys i s  is given 
in Fig. 3A (o . . . . .  o) and  expressed  as p e r c e n t a g e  of  t h e  i n i t i a l  a m o u n t  of  p h o s p h a t i d y l g i y c e r o l  present .  
Samples  t a k e n  f r o m  this i n c u b a t i o n  at  d i f f e r e n t  t i rae  i n t e r v a l s  w e r e  w a s h e d  t h r e e  t i m e s  to  r e m o v e  phos-  
phol ipase  (no E D T A  was a dde d  to  s top phospho l ipase  ac t ion) .  The  final m e m b r a n e  suspens ion  was used  
to  d e t e r m i n e  p h o s p h a t i d y l g i y c e r o l  c o n t e n t  and Mg2+-ATPase act ivi ty  (A)  and  the  Mg2+-ATPase a c t i v i t y  
a f t e r  m i x i n g  t h e  m e m b r a n e s  w i t h  v a r i o u s  a m o u n t s  of  p h o s p h a t i d y l g l y c e r o l  (B). M e m b r a n e s  w e r e  t e s t e d  
a f t e r  3 0  m i n  (o),  l h  (z~), 2 h (o),  3 b (e)  and  5 h (X) i n c u b a t i o n  wi th  phospho l ipase  A 2. 

15% of linoleate, 10% of oleate and 50% of palmitate as major fatty acids. 
Enrichment with palmitate resulted in phosphatidylglycerol containing nearly 
exclusively palmitate (72%) and myristate (10%) and only a small amount of 
oleic acid (4%). An Arrhenius plot of  the Mg2÷-ATPase activity of linoleate- 
enriched membranes is linear over a temperature range from 0 to 40°C as can 
be seen from Fig. 3. The activation energy of the Mg2+-ATPase in these mem- 
branes appeared to be 13.6 + 0.1 kcal/mol. Treatment of these membranes with 
phospholipase A2 results in a lowering of  the specific activity at all tempera- 
tures but no significant change in activation energy can be observed (Fig. 3, 
Table IV). Reactivation of this residual Mg2+-ATPase with phosphatidylglycerol 
isolated from cells grown on palmitic acid, results in a different Arrhenius plot 
in which a discontinuity at 19°C is observed with activation energies of 11.3 
and 19.1 kcal/mol above and below this temperature, respectively. Moreover 
incubation of  untreated membranes isolated from linoleic acid-grown cells, 
with phosphatidylglycerol enriched in palmitic acid gives rise to a similar 
change in the Arrhenius plot (Table IV). The discontinuity temperature for 
these membranes is somewhat lower while the activation energy below this 
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Fig, 3. Ar rhen lus  p lo ts  of  the  Mg2+-ATPase ac t iv i ty  of  var ious  m e m b r a n e  p repa ra t ions .  Membranes ,  
i sola ted f r o m  cells g rown  on l inoleic acid were  t r ea t ed  wi th  phospho l ipase  A 2, such tha t  a fair a m o u n t  of  
ATPase  ac t iv i ty  was  lost ,  b u t  u p o n  adding  p h o s p h a t i d y l g i y c e r o l  a good  r eac t iva t ion  is still possible (see 
also Fig. 2). S h o w n  are the  Ar rhen lus  p lo t s  of  Mg2+-ATPase ac t iv i ty  of  l inoleic ac id-enr iched  m e m b r a n e s  
(X),  l inoleic ac id-enr iched  m e m b r a n e s  t r e a t e d  wi th  phospho l ipase  A 2 (o),  phospho l ipase  A2- t r ea t ed ,  lino- 
leic ac id-enr iched  m e m b r a n e s ,  r eac t iva t ed  wi th  pa lmi t i c  ac id-enr iched  p h o s p h a t i d y l g l y c e r o l  (~) and  pa lmi-  
tic ac id-enr iched  m e m b r a n e s  (o).  

temperature is increased to 25.5 kcal/mol. Fig. 3 and Table IV show further- 
more the transition temperature of  palmitic acid-enriched membranes from 
which the phosphatidylglycerol used for the reactivation of Mg2tATPase, was 
isolated. The break was found at 21.4°C and the activation energy below and 
above the transition are 32.0 and 12.7 kcal/mol, respectively. The results 
demonstrate that the physical state of the phosphatidylglycerol which is added 
to the A. laidlawii membranes, has a pronounced effect on the activation energy 
of the Mg2+-ATPase in these membranes. 

T A B L E  IV 

I N F L U E N C E  OF F A T T Y  A C I D  C O M P O S I T I O N  OF P H O S P H A T I D Y L G L Y C E R O L  ON T H E  A C T I V A -  
T I O N  E N E R G Y  OF Mg2+-ATPase IN A.  L A I D L A W I I  M E M B R A N E S  

T k is the  t e m p e r a t u r e  at  wh ich  a b r e a k  in the  Ar rhen ius  p lo t  occurs .  E a is the  ac t iva t ion  ene rgy  of  Mg 2+- 
ATPase .  Da ta  are p r e s e n t e d  ± S .E.  of  the  m e a n .  F a t t y  acid c o m p o s i t i o n s  of  the  p h o s p h a t i d y l g i y c e r o l  pres- 
en t  in the  a b o v e  m e m b r a n e  prepara t i ons  are given in the  t e x t .  

T K  E a > T k Ea < T k 
(° C) (kca i /mo l )  ( kca l /mo l )  

L ino lea te  m e m b r a n e s  
Phospha t idy lg iyce ro l -dep l e t ed  l inolea te  m e m b r a n e s  
Pa lmi ta te  m e m b r a n e s  21 .4  ± 0.6 
Phospha t idy lg lyce ro l -dep l e t ed  l inoleate  m o m b r a n e s  

+ pa l m i t a t e  p h o s p h a t i d y l g l y c e r o l  19 .0  ± 0.5 
Linolea te  m e m b r a n e s  + pa imi t a t e  p h o s p h a t i d y l g i y c e r o l  16 .0  -* 0.3 

1 3 . 6 ± 0 . 1  1 3 . 6 ± 0 . 1  
1 2 . 9 ± 0 . 5  1 2 . 9 ± 0 . 5  
1 2 . 7 ± 0 . 5  3 2 . 0 ± 1 . 0  

1 1 . 3 ± 0 . 2  1 9 . 1 ± 0 . 6  
1 1 . 6 ± 0 . 6  2 5 . 5 ± 1 . 9  



354 

Discussion 

From the results described in this paper it is obvious that phosphatidylglyc- 
erol is not  required for the function of  two membrane-bound enzymes, NADH 
oxidase and p-nitrophenylphosphatase {Table II). The increase in activity which 
is observed upon hydrolysis of  the phosphatidylglycerol might have a similar 
explanation as given for the initial increase in Mg2+-ATPase activity (see 
Results). There has been some doubt  about  the nature of the p-nitrophenyl- 
phosphatase activity and the Mg2+-ATPase activity [16]. The different 
behaviours of these two activities towards phospholipases indicate that they are 
not  to be described to a single enzyme. Other observation which are in agree- 
ment with this conclusion are the different behaviours of these activities 
towards detergents as described by Ne'eman et al. [8] and the difference in 
Arrhenius plots of both activities as shown by de Kruyff  et al. [17]. It is not  
surprising that neither NADH oxidase nor p-nitrophenylphosphatase require 
phosphatidylglycerol for activity. Indications that both  enzymes although 
membrane bound,  are not  lipid dependent  were already obtained by de Kruyff  
et al. [17] who showed that both enzymes have a constant activation energy 
over a temperature range in which the membrane lipids undergo a phase transi- 
tion. Moreover, Ne'eman et al. [8] showed that it is possible to solubilize these 
two enzymes wi thout  great loss in activity, using selected detergents. 

Complete hydrolysis of phosphatidylglycerol has a profound effect on the 
Mg2+-ATPase activity. 

Furthermore,  the reactivation experiments demonstrate that negatively 
charged phospholipids are able to restore the Mg2+-ATPase activity. None of  the 
A. laidlawii lipids can reactivate the enzyme except phosphatidylglycerol,  
which is the only negatively charged phospholipid present in these membranes. 
It can be concluded from these results that phosphatidylglycerol is required for 
Mg2~-ATPase activity. However, the majority of  phosphatidylglycerol can be 
hydrolysed without  loss in Mg2+-ATPase activity (Fig. 1). Less than 10% of the 
phosphatidylglycerol,  which means 3% or less of the total membrane lipid is 
required for Mg2+-ATPase activity. This result resembles the observations by 
Roelofsen and van Deenen [13] on the (Na ÷ + K*)-ATPase in human erythro- 
cytes. They demonstrated that only modification of the residual 13% phos- 
phatidylserine into phosphatidylethanolamine results in a complete  loss of 
activity. Furthermore,  Warren et al. [18] showed that the sarcoplasmic reticu- 
lum ATPase retains maximal activity until about  30 phospholipid molecules 
per molecule ATPase remain. 

The decrease in Mg2+-ATPase activity during incubation with phospholipase, 
is a rather slow process and occurs only when the majority of  phosphatidylglyc- 
erol is hydrolysed (Fig. 2). It is not  possible, with the technique we used, to 
demonstrate  further hydrolysis of the residual phosphatidylglycerol during this 
Mg2+-ATPase inactivation. Therefore, two different explanations might be given 
for the slow inactivation of  Mg2+-ATPase. A small amount  of  phosphatidylglyc- 
erol is necessary to maintain an active conformation of the Mg2÷-ATPase and is 
in turn protected to a certain extent  by the protein against phospholipase 
attack. Only prolonged incubation with phospholipase will hydrolyse also this 
phosphatidylglycerol with a corresponding loss in enzymatic activity. The 
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resulting conformational  change of  the protein can be reversed by adding phos- 
phatidylglycerol to the system. Depending on the amount  of  phosphatidylglyc- 
erol which was withdrawn from the Mg2*-ATPase, the denaturation of  the 
enzyme will be more irreversible. Another  explanation might be that  phosphati- 
dylglycerol is required for the stability of the Mg2+-ATPase but  is not  protec ted  
by the protein. Therefore all phosphatidylglycerol can be hydrolysed but  
because this lipid is not  directly involved in the ATP hydrolysis, the enzyme 
will initially retain full activity. Lack of phosphatidylglycerol  will induce a 
t ime-dependent denaturation of the protein which is partially reversible upon 
adding phosphatidylglycerol.  

de Kruyff  et al. [17] and Hsung et al. [19] demonstrated that  the Mg 2+- 
ATPase activity of  A. laidlawii membranes exhibit discontinuities in the slope 
of  the Arrhenius plot  when the lipids undergo a change from the lipid-crystal- 
line to the gel state. Fig. 3 and Table IV show that the activation energy of this 
enzyme is constant  over a temperature range from 0 to 40°C for membranes 
enriched with linoleic acid. This is in agreement with observations of de Kruyff  
et al. [17] that  lipids in linoleic acid-enriched membranes exist in the liquid- 
crystalline state in this temperature region. Hydrolysis of phosphatidylglycerol,  
accompanied by a reduction in Mg2+-ATPase activity does not  result in a change 
in activation energy. Restoration of the activity with palmitic acid-enriched 
phosphatidylglycerol gives rise to a change in the Arrhenius plot. A disconti- 
nuity is now observed, meaning that the physical state of the newly added 
phosphatidylglycerol  influences the activation energy of the Mg2+-ATPase. 
Moreover a similar change in Arrhenius plot  was observed when untreated lino- 
leic acid-enriched control membranes are mixed with palmitic acid-enriched 
phosphatidylglycerol.  From these results it can be concluded that the original 
Mg2+-ATPase-surrounding phosphatidylglycerol is mixed with the newly added 
phosphatidylglycerol.  This is in agreement with observations of Thilo and 
Overath [20] demonstrating the mixing of  newly synthesized lipids with pre- 
existing lipids surrounding the ~-galactoside transport system in Escherichia 
coli. These results were surprising when compared with findings of de Kruyff  et 
al. [17].  They suggest that  the Mg2+-ATPase in A. laidlawii membranes is associ- 
ated with the most  liquid lipid species in the membrane. This implies that it 
should be impossible to find a discontinuity in the Arrhenius plot of untreated 
linoleic acid-enriched membranes,  supplemented with palmitic acid-enriched 
phosphatidylglycerol,  which is in contrast with the present results. It is obvious 
that  this contradiction will remain unexplained as long as we do not  know if 
and how the added phosphatidylglycerol is interacting with the membrane in 
general and the Mg2+-ATPase in particular. 

The function of Mg2*-ATPase in A. laidlawii is not  yet  unders tood (for a dis- 
cussion, see ref. 21). The present data, however, indicate a close resemblance to 
the (Na ÷ + K*)-ATPase of  eukaryotic cells with respect to their dependence on 
acidic phospholipids [13,22--25] and their disposition in the membrane [2].  
This in contrast to the Mg2+-ATPases in other microbial systems, like E. coli, 
which are stimulated generally by neutral lipids and belong to the group of 
peripheral membrane proteins. 
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