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SUMMARY 

I. Plasma membranes were isolated from rat  liver and the 5'-nucleotidase 
(EC 3.I.3.5), ATPase (EC 3.6.i.3) , (Na+-K+)-ATPase, p-nitrophenylphosphatase, K +- 
activated p-nitrophenylphosphatase, acetylphosphatase (EC3.6.I.7) and K+-acti - 
vated acetylphosphatase activities of the membranes were measured following lipid 
extraction and phospholipase-C (EC 3.1.4.3) treatment.  The 5'-nucleotidase and the 
Mg2+-insensitive part  of the nitrophenylphosphatase were not, but all other enzyme 
activities were abolished by  lipid extraction and, with the exception of the ATPase, 
inhibited to various extents by the phospholipase treatment.  

2. Lecithin did not repair the lost enzyme activities of the lipid-extracted 
membranes but counteracted the inhibitions of the (Na+-K+)-ATPase and K+-nitro - 
phenylphosphatase produced by  phospholipase C. Serum albumin did not repair the 
enzyme inhibitions produced by  phospholipase but affected the enzymes of control 
(buffer-) and phospholipase-treated membranes variously. Lecithin, serum albumin 
and ganglioside activated the ATPase and impaired the (Na+-K+)-ATPase of the 
former membranes. 

3 -A  certain neuraminidase (EC 3.2.1.18) preparation inhibited the ATPase, 
(Na+-K+)-ATPase and K+-nitrophenylphosphatase moderately to strongly, and the 
acetylphosphatase and K+-acetylphosphatase weakly. Other neuraminidase prepa- 
rations did not inhibit the enzymes. The heterogeneity of the phospholipase-C prepa- 
ration is also shown. 

4- The evidence from the present experiments for involvement of the membrane 
lipid (structure) in the enzyme functions is discussed. 

INTRODUCTION 

The ATPase (Mg ~+- or Ca2+-dependent ATP phosphohydrolase), (Na+-K+) - 
ATPase (Na + p l u s  K+-activated Mg2+-dependent ATP phosphohydrolase) and 5'- 
nucleotidase (5'-ribonucleotide phosphohydrolase) are authentic components of iso- 
lated rat-liver plasma membranes1, 2. Previous experiments 2 had shown that  the 
5'-nucleotidase differed from the ATPase and (Na+-K+)-ATPase in not being inhibited 
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by exposing the plasma membranes to deoxycholate, oleic acid, vitamin-A alcohol 
and sonic irradiation. Since these agents are capable of interacting with the membrane 
structure (or membrane lipids), the results suggested that the dependence of tile three 
enzymes on the membrane structure differs. The dependence of the (Na+-K+)-ATPase 
on the intact membrane structure is understandable from the finding that this enzyme 
system consists of two part reactions, a Na+-dependent phosphorylation and a K-+- 
dependent dephosphorylation, which are located at opposite sides of the membrane 
elementa-L Two enzyme activities, a K~--activated p-nitrophenylphosphatase and a 
K+-activated acetylphosphatase, which are present in various membrane prepa- 
rations, have been proposed to represent the second step of the (Na+-K+)-ATPase 
systema-E Nitrophenylphosphatase and K+-nitrophenylphosphatase activities have 
previously been demonstrated in isolated rat-liver plasma membranes~,8, 9 and in view 
of the higher specific enzyme activities exhibited by the plasma membranes relative 
to microsomes, it appears very likely that these enzyme activities are also intrinsic 
in the liver plasma membranes'% ~°. Isolated rat-liver plasma membranes also exhibit 
significant acetylphosphatase and K+-acetylphosphatase activities n. In the present 
experiments the lipid dependence of the various enzymes was studied following lipid 
extraction and phospholipase-C digestion of the plasma melnbranes. Previous results 
in this laboratoryS, 12 had shown that neuraminidase inhibited the ATPase, K -nitro- 
phenylphosphatase and, under certain conditions, also the (Na+-K+)-ATPase of iso- 
lated plasma membranes. Following the finding that the phospholipase-C preparation 
used in the present experiments was contaminated by neuraminidase, the effect of 
neuraminidase on the enzyme activities of the membranes has been re-examined using 
various neuraminidase preparations. 

MATERIALS AND METHODS 

Plasma membranes were isolated from livers of rats of the strain R-Amsterdam 
as previously described 1. 

Lipid extraction 
(a) The membranes (2-3 mg protein, biuret) were suspended in I -2  ml I mM 

KHCO 3 (pH 7.5) contained in small glass-stoppered tubes, and extracted by shaking 
for 2 rain with an equal volume of light petroleum (4o-6o°)-n-butanol (7:3, v/v). 
After separation of the layers following centrifugation, tile water layer containing 
the insoluble protein was dialyzed against I mM KHCO 3 for 17 tl in tile cold room. 
(b) The membranes were suspended in 1.8 ml 25 mM ethanolamine buffer (pH IO) 
and n-butanol was slowly added at o ° during 25 rain to a final concentration of 8 % 
(ref. 13). After • h at o ° the clear solution was dialyzed against I mM KHCO a (pH 7.5) 
for 20 17 in tile cold. 

For the enzyme assay of the lipid-extracted naembranes, 0.2 mg synthetic or 
animal lecithin (Sigma Chemical Co. and Nutritional Biochemical Corp., respectively) 
was added to the assay medium containing 0.2 mg of the extracted membrane protein. 
The mixture was either preincubated for 15 rain at 37 ° prior to addition of substrate 
or directly assayed. In other experiments the extracted protein (about 2 rag) was 
dialyzed in the presence of liver or kidney lipids (I rag) extracted by chloroform- 
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methanol  (2 : I, v/v), against i mM KHCO a for 17 h at 4 ° ; in a number  of experiments 
the dialyzed preparat ion was stored in the presence of the lipid for 5 days at 4 °. 
In  some experiments I mg ganglioside (type I I ,  Sigma; Koch-Light)  with or wi thout  
2 nag lecithin was preincubated with 2 mg membrane  protein for I - I  7 h at 4 ° in 
I ml Tris buffer, 0.003 M, of pH 7.4. Lecithin was finely dispersed by  sonic irradiation 
or, sometimes, dissolved in ethanol (0.2 mg lecithin per 0.02 ml ethanol). Thin-layer 
ch romatography  showed the animal lecithin preparat ion used in the present experi- 
ments  to contain, in addition, phosphoryl  serine, phosphoryl  ethanolamine and 
sphingomyelin (cf. ref. 36). 

Phospholipase C treatment 
Liver membranes  equivalent  to 2-2.5 nag protein were incubated per ml medium 

containing 5 mM Tris or histidine buffer (pH 7.3), 0.5 mM CaC12, o.i  M NaC1 (some- 
times KC1) and 0.5 or 2.0 mg phospholipase C (Sigma) for 30 or 60 rain at 37 °. Control 
membranes  were incubated in this medium without  enzyme. In  a few experiments  
a solution of 2 mg phospholipase C in the above medium was heated for 5 rain at 95 ° 
and the denatured protein was removed by  filtration prior to the incubat ion of enzyme 
with membranes.  After incubat ion the membranes were reisolated by  low-speed cen- 
tr ifugation (IO rain 15oo × g), washed once and resuspended in twice-distilled water 
and used for enzyme assay. The effect of lecithin on the ATPase and (Na+-K +)-ATPase 
of control (buffer-) and phospholipase-treated membranes  was studied by  adding 
0.2 mg animal lecithin to the assay medium (1.6 ml) prior to the addit ion of the 
membranes  (0.2 nag protein). In  order to s tudy  the effect of lecithin on the nitro- 
phenylphosphatase  and K+-nitrophenylphosphatase,  membranes  (0.5 ml containing 
about  I m g  protein) were added to 0.25 ml o.oi  M Tris buffer (pH 7.4) with or wi thout  
0.5 mg lecithin and kept  for 17 h at 4 ° followed by  addition of an aliquot of this 
suspension (o.15 ml) to the enzyme assay media. 

Neuraminidase treatment 
The treatnlent  of the membraneswi th  neuranfinidase, the various neuraminidase 

preparat ions and the measurement  of sialic acid have been described previouslyg, 14. 
The effect of ganglioside (Table VII)  was studied with membranes  which had been 
kept for I 11 at 37 ° in 5o mM sodium acetate buffer of pH 5.5 containing o.15 M NaC1 
followed by  washing and resuspension of the membranes  in twice-distilled water;  
these membranes also served as controls for the experiments of Table VI. Ganglioside 
(o.4 nag in o.2 ml o.oi  M Tris buffer (pH 7.3)) was kept  with o.4 ml membrane sus- 
pension containing o. 7 mg protein for 17 tl at 4 °, and o.I ml of this suspension was 
used for enzyme assay. 

A SSa'VS 

Membrane aliquots containing from o.x to o.2 nag membrane  protein were used 
for the enzyme assays. The conditions for the 5'-nucleotidase, ATPase, (Na+-K+) - 
ATPase, n i t rophenylphosphatase  and K+-ni t rophenylphosphatase  assays have been 
described previously 1,2& Acetylphosphatase  and K+-acetylphosphatase were meas- 
ured according to the method of BADER AND SEN 7. Phosphoryl  choline was measured 
as described by  MACFARLANE AND KNIGHT 15. 
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R E S U L T S  

On the lipid dependence of plasma membrane phosphohydrolases 
Lipid extraction. Total lipids were extracted from the isolated rat-liver plasma 

membranes by two procedures, mentioned under MATERIALS AND METHODS, yielding 
the lipidless inembrane protein in either insoluble or soluble form. The suspension of 
the insoluble membrane protein, obtained by extraction of the membranes with light 
petroleum-n-butanol ,  contained at least 97 % of the original membrane protein, did 
not flocculate or sediment on standing, and exhibited a specific 5'-nucleotidase activity 
(with AMP as substrate) of 9o-I iO % of that  of the untreated membranes (Table i). 
By contrast, the specific ATPase activity displayed by the insoluble membrane 
protein amounted to only 5-IO % of that  of the intact nmmbranes while (Na+-K+) - 
ATPase activity was lacking altogether. As shown in Table I, lipid extraction also 

T A B L E  i 

EFFECT OF LIPID EXTRACTION ON PI-IOSPHOHYDROLASE ACTIVITIES BY LIVER PLASMA MEMBRANES 

T h e  c a t i o n - a c t i v a t e d  e n z y m e  a c t i v i t i e s  a r e  e x p r e s s e d  a s  t h e  d i f f e r e n c e  ill p r o d u c t  f o r m a t i o n  o r  
s u b s t r a t e  d i s a p p e a r a n c e  o b t a i n e d  i n  t h e  p r e s e n c e  a n d  a b s e n c e  of  t h e  c a t i o n s .  P r e p s .  i a n d  2 
w e r e  e x t r a c t e d  a c c o r d i n g  t o  P r o c e d u r e  a,  a n d  P r e p s .  3 a n d  4 a c c o r d i n g  t o  P r o c e d u r e  b m e n t i o n e d  
u n d e r  MATERIALS AND METHODS. T h e  n i t r o p h e n y l p h o s p h a t a s e  a c t i v i t i e s  w e r e  a s s a y e d  a t  p H  8.9.  

Enzwne Membrane l~moles product* (or substrate* * 
Prep. disappeared)/mg protein per h 

Control Extracted 
membranes membranes 

5 ' - N u c l e o t i d a s e  I 43 .5  48 .7  
A T P a s e  i 49 .5  4-3 
( N a + - K * ) - A T P a s e  1 l i .4 o .o  
N i t r o p h e n y l p h o s p h a t a s e  2 2 .68  1.5 ° 
N i t r o p h e n y l p h o s p h a t a s e  (Mg 2+ a b s e n t )  2 1.(,5 1.31 
K + - N i t r o p h e n y l p h o s p h a t a s e  2 2. I9 o .o  
A c e t y l p h o s p h a t a s e  2 13.3 2. I 
K * - A c e t y l p h o s p h a t a s e  2 8.8 o. i 
5 ' - N u c l e o t i d a s e  3 42 .6  41 .9  
A T P a s e  3 45 .7  o .o  
( N a + - K + )  - A T P a s e  3 12. 3 o .o  
N i t r o p h e n y l p h o s p h a t a s e  4 2 .84 ~. 2 o 
K + - N i t r o p h e n y l p h o s p h a t a s e  4 1.52 o .o  

* P l  o r  p - n i t r o p h e n o l .  
* * A c e t y l p h o s p h a t e .  

abolished the alkaline nitrophenylphosphatase and the K+-nitrophenylphosphatase 
activities, and the acetylphosphatase and K+-acetylphosphatase activities assayed 
at neutral pH. However, the alkaline Mg2+-insensitive nitrophenylphosphatase ac- 
tivity, measured by the PI release from p-nitrophenyl phosphate in the absence ot 
Mg z+, was not affected by lipid extraction. Similar results were obtained (Table I) 
with the soluble membrane protein (9 8 % yield) following extraction of the membranes 
with n-butanol at pH xo, except that now the ATPase was also completely abolished. 

Synthetic and animal lecithin and lipid extracted from rat liver or kidney, 
dissolved in ethanol or finely dispersed by sonic oscillation and added to the insoluble 
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and soluble membrane protein under the conditions mentioned under MATERIALS AND 
METHODS, failed to reactivate the enzyme activities. Preincubation of the membrane 
proteins with ganglioside, with or without lecithin, did not reactivate the ATPase 
and (Na+-K+)-ATPase activities either. Although ganglioside does not appear to be 
a component of rat  liver plasma membranes*, its capacity to protect plasma mem- 
branes of certain cells ~6, led to the latter experiments. 

Effect of detergents. Previous experiments 2 have shown that  the ATPase activi ty 
of plasma membranes dissolved in 1% sodium deoxycholate and assayed at a final 
concentration of o.o6 % of the detergent, was severely inhibited whereas the 5'- 
nucleotidase was activated. Dialysis of the detergent-membrane solutions for 24 h 
against o.oi M Tris buffer (pH 7.4) which caused the release of 9O-lOO % of the 
membrane-bound deoxycholate (W. S. BONT, P. E~L~IEI.OT AND H. VAZ DIA8, un- 
published observations), has now been found to reactivate the ATPase but not the 
(Na+-K+)-ATPase (Table II) .  

T A B L E  I [  

E F F E C T  O F  D E O X Y C H O L A T E  A N D  S A P O N I N  O N  T H E  ATPase,  (Na+-K+)-ATPase A N D  ~ t - N U C L E O T I D A S E  

A C T I V I T I E S  O F  L I V E R  P L A S M A  M E M B R A N E S  

P l a s m a  m e m b r a n e s  were solubi l ized in i % deoxycho la t e  and  an a l iquo t  was assayed  a t  a final 
concn, of o.o6 % of the  de tergent .  The r ema inde r  of the deoxycho la t e  p r epa ra t i on  was d ia lyzed  
for 22 h aga in s t  o.oi  M Tris  (pH 7.4). Saponin  was added  in the  concen t ra t ion  ind ica t ed  to the  
assay  medium.  

~'lembrane 
Prep. 

l~moles Pl/mg protein per h 

A TPase (Na*-K +)-3 TPase 5'-Nucleotidase 

Deoxycholate * 
0.06 % 
dia lyzed  

Saponin 
absen t  
O . I %  

• 3 exper iments .  

9.6 ± 2. 7 - 91.3 = 2o.1 
3o.2 = 6.6 o.o-I.O 87.2 /_ 19.o 

59-9 12.7 50.2 
89.8 o.o 82. 5 

A different dependence of the two enzymes on the membrane structure is also 
apparent from the finding that  the profound change produced by saponin in the liver 
plasma membrane structure 17 is accompanied by an activation of the ATPase and 
abolition of the (Na+-K+)-ATPase activity (Table II).  

Effect ofphospholipase C. o.3o and o.37/zmole phosphoryl choline were released 
from isolated liver plasnla membranes, containing o.7/zmole phospholipid phosphate, 
by 2 mg of phospholipase C during 3o and 6o rain, respectively, at 37°; o.5 mg of 
the enzyme released o.32/zmole phosphoryl choline per o.8/~mole membrane phospho- 
lipid phosphate in 6o min. Since the molar ratio of choline to phospholipid phosphate 
of the isolated membranes amounted to o.55, it follows that  from 8o to IOO % of 
the available phosphoryl choline was split from the membranes by phospholipase C 

* 95 % of the membrane-bound  sialic acid has been recovered in the protein fract ionn,  14. 
Recently, traces of wha t  seem to be gangliosides have been detected by thin-layer chromatography  
(R. P. VAN HOEVEN AND P. EMMELOT, unpublished observations).  
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under the various experimental conditions. No Pi was released from phosphoryl 
choline incubated with the membranes under these conditions. 

In the following experiments liver membranes containing 2--2.5 nag protein were 
incubated with 2 mg phospholipase C for 6o rain at 37 ° as mentioned under MATEI~IALS 
ANt) METHODS. Controls were incubated in buffer mimts enzyme. The assay of tim 
reisolated and washed membranes showed that the phospholipase pretreatment had 
not affected the 5'-nucleotidase nor, as can be seen in Table I II ,  the ATPase activity. 

T A B L E  i1 I 

E F F E C T  OF P H O S P H O L I P A S E  C ON L I V E R  P L A S M A  M E M B R A N E  P H O S P I t O H Y D R O L A S E S  

E n z ~ , m e  Membrane 
Prep. 

[~Wjer-trealed 
~lle l;zbl"aHes 

A T P a s e  
( N a + - K  ~ ) - A T P a s e  
A c e t y l p h o s p h a t a s e  
K + - A c e t y l p h o s p h a t a s e  

A c e t y l p h o s p h a t a s e  
K + - A c e t y l p h o s p h a t a s e  
N i t r o p h e n y l p h o s p h a t a s e  (pH 7.2) 
N i t r o p h e n y l p h o s p h a t a s e  (pH 8.9) 
K + - N i t r o p h e n y l p h o s p h a t a s e  (pH 7.2) 
K + - N i t r o p h e n y l p h o s p h a t a s e  (pH 8.9) 

* P l  or  p - n i t r o p h e n o l .  
* * A c e t y l p h o s p h a t e .  

Fm,oles product* (or subsh'ale** 
disappeared)/mg protein per h 

Pho@holipase-C treated 
Hle~Jlbrat?es 

a (}5.o 05. 5 
a I6. 3 6. 4 
& 12 .  3 9 .  I 

a 1 t . i  3.9 

1) 9,9 7-8 
b 10, 3 5-0 
I) 5,4 3- t  
b 2. 9 2.5 
l) 2. 7 0.6 
l) 1.4 o.o 

However, the (Na+-K'~)-ATPase, K+-nitrophenylphosphatase (at pH's 7.2 anti 8.9) 
and K+-acetylphosphatase were markedly reduced in activity whereas the 'neutral'  
nitrophenylphosphatase (pH 7.2) was moderately and the acetylphosphatase and 
alkaline nitrophenylphosphatase were slightly reduced in activity (Tables i I I  and IV). 
Tlms the cation-activated enzyme activities were affected by phospholit)ase C to a 
greater extent than were the basal activities; the K~-nitrophenylphosphatase was 
relatively more inhibited at pH 8. 9 than at pH 7.2. The (Na+-K*)-ATPase activity 
was also inhibited following incubation with o.5 mg phospholipase C; the other en- 
zymes were not tested under this condition. 

The effect of lecithin (o.2 mg lecithin added to the enzyme assay medium con- 
taining about o.2 mg membrane protein per flask) on the ATPase and (Na+-K~)- 
ATPase of the buffer- and phospholipase-treated (3o-6o inin) membranes varied but 
the following trend could be observed. Lecithin decreased the (Na+-K+)-ATPase of 
those control membranes showing an enzymic activity of the order of that illustrated 
by the second entry of Table IV, and increased slightly to moderately the inhibited 
(Na+-K+)-ATPase activity of the corresponding phospholipase-treated membranes 
(Table IV). As described previously", some fresh membrane preparations show a 
(Na+-K+)-ATPase activity that is well below that commonly found. A few such cases 
were also encountered in the present experiments with pretreated membranes, and 
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T A B L E  I V  

E F F E C T  OF L E C I T H I N  ON T H E  A T P a s e ,  ( N a + - K + ) - A T P a s e ,  N I T R O P H E N Y L P H O S P H A T A S E  A N D  I~[ +-  

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

A N D  P H O S P H O L I P A S E  C 

L e c i t h i n  w a s  a d d e d  t o  t h e  a s s a y  m e d i u m  in  t h e  e x p e r i m e n t s  in  w h i c h  t h e  A T P a s e  a n d  ( N a + - K + )  - 
A T P a s e  a c t i v i t i e s  w e r e  t e s t e d  w h i l e  in  t h e  o t h e r  e x p e r i m e n t s  t h e  m e m b r a n e s  w e r e  p r e i n c u b a t e d  
w i t h  l e c i t h i n .  

Number of 
experiments 

Enzyme I~moles Pt or p-nilrophenol/mg protein per h 

Buffer- Phospholipase-C- 
treated membranes trealed membranes 

minus plus minus plus 
lecithin lecithin lecithin leciltziu 

A T P a s e  2 53-4 - -  1.9 60.  3 ± 0 .8  52 .4  q 0 .2  70 .6  ~_ 1. 5 
( N a + - K + ) - A T P a s e  2 17.3  ± 1.3 12.9 ~ 0 .2  5 .0  ± 2 .0  lO. 3 ~ 1.2 
A T P a s e  I 60 .9  70 .0  62 .6  84 .8  
( N a + -  K + ) - A T P a s e  i 7-4 i i .2 4 .7  9 .0  
N i t r o p h e n y l p h o s p h a t a s e  ( p H  7.2) 3 6.2 = 0. 7 5-7 ~: 0.5 3.2 ~ 0. 4 2. 9 ~ 0.2 
K + - N i t r o p h e n y l p h o s p h a t a s e  ( p H  7.2) 3 3 .0  :~ 0.3 2. 3 ± 0.2 i . o  )-  0.2 1.8 ~ o . I  
N i t r o p h e n y l p h o s p h a t a s e  ( p H  8.9) 3 2.6 ~ o . i  2,2 ~ 0 .2  - -  

K + - N i t r o p h e n y l p h o s p h a t a s e  ( p H  8.9) 3 1, 4 ± o .2  o .2  ± o . i  - -  

lecithin then (fourth entry of Table IV) increased the (Na+-K+)-ATPase of both the 
buffer- and the phospholipase-treated membranes, the latter to a relatively greater 
extent than the former. Thus, in all experiments the (Na+-K+)-ATPase activities of 
the buffer- and phospholipase-treated membranes resembled each other more in the 
presence of lecithin than in the latter 's  absence. In these experiments lecithin in- 
creased the ATPase of the buffer-treated membranes up to 20 % and that  of the 
phospholipase-treated membranes up to 50 %. In a few experiments lecithin failed 
to show an activating effect, if not slightly inhibiting the ATPase activity. 

As shown in Table IV, lecithin (preincubated for 17 h with buffer- and phospho- 
lipase-treated membranes) did not repair the phospholipase-induced inhibition of 
the 'neutral '  nitrophenylphosphatase, slightly decreased the K+-nitrophenylphos- 
phatase activity of the buffer-treated membranes but increased the inhibited K+- 
nitrophenylphosphatase of the phospholipase-treate~ membranes. Thus, lecithin 
par t ly  restored the phospholipase-induced inhibition of the 'neutral '  K+-nitrophenyl 
phosphatase. This effect of lecithin resembled that  on the (Na+-K+)-ATPase. 

The effect of phospholipase C on the morphology of isolated rat-liver plasma 
membranes has been described previouslylS; ringlike structures containing globular 
subunits are formed. The finding of SIMPSON AXD HAUSER 1~ that  cholesterol plus 
phospholipase C yields similar structures has been confirmed using phospholipase-C 
preparations obtained from Sigma Chemical Co. and from Worthington Biochemical 
Corp. By the action of phospholipase C on the membranes, the membrane cholesterol 
apparently becomes available for interaction with a heat-labile substance (very 
probably a contaminating protein) in the phospholipase-C preparation to form the 
ring-like structures. This follows from the finding that  whereas phospholipase C is 
heat resistant, the morphological effect of the phospholipase preparations can be 
abolished by their preheating. The reaction of the phospholipase-C containinant 
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with the  membrane  cholesterol  was not  responsible for the  aforement ioned enzyme 
inhibi t ions  since the phosphol ipase  prepara t ion ,  af ter  hea t ing  for 5 rain at  95 ° 
followed by  remova l  of dena tu red  protein,  scored the same effects on the membrane  
enzymes  as d id  the un t r ea t ed  phosphol ipase  prepara t ion .  A c h l o r o f o r m - l n e t h a n o l  
ex t r ac t  (2 : I ,  v/v) of the  phosphol ipase  p repa ra t ion  conta ined  lysoleci thin,  phos- 
p h a t i d y l  serine, cholesterol  ester  and  a non-ident i f ied n inhydr ine-pos i t ive  phosphol ipid ,  
as shown b y  th in - l ayer  ch ro lna tog raphy  ( c h l o r o f o r m - n l e t h a n o l - w a t e r - a m m o n i a ,  
6 o : 3 5 : 6 : 2 ,  b y  vol.). The phosphol ipase-C p repa ra t ion  also conta ined  hea t - s tab le  
phosphol ipase  A (EC 3.I.Z.4) a c t i v i t y  as demons t r a t ed  b y  incubat ion  of 0.5 mg of 
the  p repa ra t ion  with  5 mg animal  leci thin;  an amoun t  of esterified f a t t y  acids corre- 
sponding  to t ha t  present  in o.36 mg (o.42/ ,mole) t r imyr i s t in  was hydro lyzed  af ter  
I h incuba t ion  at  37 °. Since phosphol ipase  C and A spli t  a va r i e ty  of phosphol ip ids  
(phospha t idy l  choline, choline plasmalogen,  sphingomyel in ,  phospha t idy l  e thanol-  
a m i n e - - a l l  of which are present  in the isola ted l iver  p lasma  membranes  (R. P. 
VAN HOEVEN AXI) P. EMMELOT, unpubl i shed  observat ions ,  @ ref. 2o)), the enzylne 
inhibi t ions  p roduced  by, the  crude t)hospholipase C p repara t ion  cannot  be a t t r i b u t e d  
to the sp l i t t ing  of one phosphol ip id  in par t icu lar .  Moreover,  these inhibi t ions  do not  
necessar i ly  s tem from a phosphol ip id  dependence  of the  enzymes since the phospho-  
l ipase A reac t ion  produc ts  (long-chain unsa tu r a t ed  f a t t y  acids* and lysoleci thin,  the 
l a t t e r  being also present  in the  phosphol ipase  prepara t ion)  might  be the inh ib i to ry  
agents.  An a t t e m p t  was therefore made to relieve the  enzyme inhibi t ions  of the 
phospho l ipase - t r ea ted  membranes  b y  add i t ion  of serum a lbumin  (o.12 °o, t ho rough ly  
d ia lyzed  pr ior  to  use) to the  assay  media.  The results  of these exper iments ,  two of 
which are i l lus t ra ted  in Table  V, were consis tent  bu t  r a the r  complicated.  

(i) Serum a lbmnin  p ro found ly  increased both the  ATPase  and ace ty lphospha tase  
of the control  (buffer-treated) membranes  but  had  a nmch smal ler  enhancing effect 
on the s l ight ly  inhib i ted  ace ty lphospha tase  and no effect a t  all on the  non- inhib i ted  
ATPase  of the  phospho l ipase - t r ea ted  membranes .  

TABLE V 

E F F E C T  OF SE, R U M  ALBUMIN" ON ATPase, (Na~-l,2+)-ATPase, A C E T Y L P H O S P H A T A S E ,  A N D  1~ + - A C G T Y L -  

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

Serum albumin was added to the assay' media in a final concn, of o.12 %. 

3lembra~e pretrealment Serum 
albumin 

pmoles Pdmg protein per h 

BulYer I'hospho- 
lipase C A TPase (Na+-K+)-A TPase 

lmudes aceIylphosphale 
disappeared~rag prolein per h 

A cetyl- I£+-A cetyl- 
phosphatase phosphatase 

+ -- 5o.3 15.9 15.5 13. 4 
+ -- + 08.0 6.9 23.o 14.2 
+ + .... 56.1 8.6 13.1 2.8 
+ + + 56.4 8.3 15.3 8.5 
+ -- -- 65.0 25.8 17.8 8.0 
+ -- + 84.1 lO.1 28.2 12. 3 
+ + -- 62.1 9-9 13.1 3.1 
+ + + 64. 4 6. 7 18.2 6.o 

* Oleie acid inhibits the ATPase and (Na+-K+)-ATPase of liver plasma membranes 2. 
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(ii) Serum albumin inhibited the (Na+-K+)-ATPase of the buffer-treated mem- 
branes for some 60 % and either did not affect or slightly decreased the inhibited 
enzyme of the phospholipase-treated membranes. 

(iii) Serum albumin increased the K+-acetylphosphatase of buffer- and phospho- 
lipase-treated membranes slightly to moderately and although the inhibited activity 
of the phospholipase-treated membranes was relatively somewhat more increased than 
was the control activity, this effect of serum albumin was of doubtful significance. 
Thus, there was no evidence that serum albumin could repair the inhibitions of the 
(Na+-K+)-ATPase, K+-acetylphosphatase and acetylphosphatase produced by the 
phospholipase preparation, the inhibition of the acetylphosphatase being even more 
pronounced in the presence than in the absence of serum albumin. Since serum 
albumin had no effect at all on the ATPase and (Na+-K+)-ATPase of fresh membranes 
(whereas it increased the former and decreased the latter activity in the case of the 
buffer-treated membranes), the buffer treatment must have been instrumental in the 
effect of albmnin on these enzymes. By preincubation of the membranes for I h at 37 ° 
with the various components of the buffer (5 mM Tris (pH 7-3), 0.5 mM CaC12 and 
o.I M NaC1) either alone or in combination, it appeared that pretreatment of the 
membranes with Na + made the ATPase and (Na+-K+)-ATPase susceptible to serum 
albumin. 

On the alleged sialic acid dependence of some plasma membrane phospho~,drolases 
Under the conditions of the former experiments, 2 mg of the phospholipase-C 

preparation released o.17 ~mole sialic acid from i mg ganglioside, corresponding to 
35 % of the sialic acid released from ganglioside by hydrolysis with 0.05 M H.,SO 4 
for i h at 80 °. Under sinfilar conditions the phospholipase-C preparation released 

T A B L E  VI  

EFFECT OF NEURAMINIDASE ON PHOSPHOHYDROLASE ACTIVITIES DISPLAYED BY LIVER PLASMA 
MEMBRANES 

In these exper iments  the neuralninidase prepara t ions  mentioned in ref. 14 were used: neurami- 
nidase Prep. b, obtained from Sigma Chemical Co., St. Louis, Mo., U.S.A., and prepara t ions  
obtained from Koch-Light,  Colnbrook, U.K., and Serva Entwicklungslabor,  Heidelberg, Germany.  
The membranes  were incubated for i h at  37 o with neuraminidase in the amounts  indicated 
in ref. 14, using sodium acetate buffer (pH 5.5) containing o.15 M NaC1 (and 9 mM CaClJ as 
medium. Controls (buffer-treated membranes)  were incubated in the absence of enzyme. Mem- 
branes were reisolated by  low-speed centrifugation, washed with twice-distilled water  and used 
for enzyme assay. 

Enzyme Number of 
experiments 

#moles Pl  or p-nitrophenol released or 
acetylphosphate disappeared/mg protein per h 

Buyer- Neuraminidase- 
treated membranes treated membranes 

ATPase 4 54.8 4- 1.5 5 °.2 ~ 4.5 
(Na+-I'2+) -ATPase 4 16.7 ± 3,6 15.4 ± 2.4 
Ni t rophenylphospha tase  (pH 8.9) 6 2.56 -c 0.43 2.56 ~ o.51 
K+-Ni t rophenylphosphatase  (pH 8.9) 6 1.56 -4- o.21 1.36 ± 0.47 
Ni t rophenylphospha tase  (pH 7.2) 4 5.00 ± 1.21 4.49 ~- 0.93 
K+-Ni t rophenylphosphatase  (pH 7.2) 4 4.61 ± 0,42 3.95 ± 0.60 
Acetylphosphatase  2 9.5 ± 0.4 8.9 ± 0.5 
K+-Acetylphosphatase  2 12.5 ± o.5 13.1 ± 0.6 
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34 % of the sialic acid present in the liver plasma membranes (the latter amount ing 
to 33 m/mmles sialic acid per mg proteinl,14); o. 5 nlg of the phospholipase released 
9-1o % of the membrane-bound sialic acid. Thus, the phospholipase-C preparat ion 
also contained neuraminidase activity.  Since the neuraminidase preparat ion (to be 
referred to as Prep. a), which in previous experiments had been found to inhibit some 
of the membrane  phosphohydrolasesS, 12, released 66 and 7o % of the sialic acid present 
in ganglioside and liver plasma membranes,  respectively, at pH 5-5, the possibility 
existed tha t  the neuraminidase act ivi ty  present in the phospholipase-C preparat ion 
might  have contr ibuted to the enzyme inhibitions produced by  the latter preparation. 
Neuraminidase Prep. a did not  affect the 5'-nucleotidase and ni t rophenylphosphatase 
but  inhibited the ATPase and (Na+-K~)-ATPase (under certain conditions) and 
abolished the K+-nitrophenylphosphataseS,9,~2; acetylphosphatase and K, -ace ty l -  
phosphatase were inhibited for 2o-3o °o. However,  when these experiments were 
repeated with other neuraminidase preparat ions (mentioned in ref. 14 and the legend 
of Table VI) which released the same amount  of sialic acid from the membranes as 
did Prep. a (ref. I4), none of the enzymes was significantly affected. In the course of 
these experiments it was found tha t  ganglioside (incubated for 17 h at 4 ~ with mem- 
branes previously subjected to acetate buffer (pH 5.5) containing o.I  M NaC1)mark- 
edly st imulated the ATPase and inhibited the (Na+-K+)-ATPase (Table VII)  ; under 
similar conditions, neither the ni t rophenylphosphatase  nor the K~-nitrophenyl- 
phosphatase were affected by ganglioside in our previous experimentsS, :~. 

+ 

+ 

TABLE VII 

E F F E C T  OF G A N G L I O S I D E  ON T H E  ATPase A N D  (Na+-I( ~)-ATpase oF L I V E R  P L A S M A  ME.~II~RANES 

The niembranes were incubated with acetate buffer (pH 5.5) containing o.15 M NaC1 for I b 
at 37 °, washed and incubated with ganglioside for 17 h at 4 °. 

(;anglioside umoles Piling pvotein peY h 

A TPase (Na ~ N +)-A TPase 

6 1 .  4 1 2 . 1  

7o.3 4.o 
68.9 17.9 
80.0 lO. 5 

D I S C U S S I O N  

The act ivi ty  of a nmnber  of enzymes contained in mitochondrial  and microsomal 
membranes  has in recent years been found to be dependent  on the presence of phospho- 
lipids13,2t-25, 37. The enzymes were inactive or impaired after lipid extraction, treat- 
ment  with phospholipid-splitt ing enzymes or solubilization with detergent, and re- 
act ivated following the addit ion of phospholipid. There is as yet  no evidence that  
the associated phospholipid, required for proper enzyme function, is part icipating as 
cofactor or reaction par tner  in any enzyme process. I t  m a y  rather  appear tha t  the 
lipids, by  electrostatic and/or hydrophobic  interaction, keep the enzyme protein in 
an enzymatical ly active form by imposing a certain conformation on the protein in- 
wflving the lat ter 's  ter t iary or qua te rnary  structure.  Another  way in which lipids 
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may affect membrane enzymes is by upholding an orderly arrangement in the mem- 
brane that  allows the coupling of various enzyme reactions and regulates the access 
of cofactors and substrates. In particular the (Na+-K+)-ATPase system may  be ex- 
pected to be critically dependent on the membrane structure because of tile location 
of its component reactions at the opposite sides of the membranesS, G. 

The present experiments have shown that  whereas the 5'-nucleotidase and 
Mg 2--insensitive part  of the nitrophenylphosphatase activity of rat-liver plasma 
membranes were not dependent on the membrane lipids, extraction of the latter did 
lead to the abolishment of the ATPase, (Na--K+)-ATPase, nitrophenylphosphatase 
(Mg 2- dependent), K+-nitrophenylphosphatase, acetylphosphatase and K+-acetyl - 
phosphatase activities. Since the former two enzyme activities were not inhibited bv 
lipid extraction, the latter inhibitions were not necessarily due to enzyme denaturation 
by the organic solvents. However, in view of possible differences in stability of the 
various enzymes, no definite conclusion about their lipid dependence can be drawn 
from these results. The finding that  the extracted enzymes could not be reactivated 
by addition of various lipids (under conditions which had been successful for a micro- 
somal enzyme ~3) might indicate either that  the plasma membrane enzymes were in 
fact denatured or that  the particular lipid-protein association required for enzyme 
activity could not be reconstructed spontaneously. In this connection it is of interest 
that  the ultrastructure of the membrane element of the plasma membrane differs 
from that  of the mitochondrial and endoplasmic reticulum membraneH, ~a. According 
to ASK:~RI ANI) I?RATANTON127, the ATPase and (Na+-K+)-ATPase of erythrocyte 
membranes are also abolished by lipid extraction and in this case a t tempts  at re- 
activation by adding extracted phospholipid or lecithin have also failed. The two 
enzymes of the erythrocyte membrane have been reported by SCHATZMANN 28 to be 
about equally inhibited by phospholipase C, whereas in the present experiments with 
liver plasma membranes only the (Na+-K+)-ATPase was affected and the ATPase 
remained fully active. Since it has also been reported that  phospholipase C inhibited 
the ATPase of skeletal nmscle microsomes 2a, but did not influence the ATPase of 
lnicrosomes (presumably also containing plasma membrane fragments) isolated from 
Ehrlich ascites carcinoma cells 29, it may appear that  the ATPases contained in different 
membranes are affected differently by phospholipase C. In contrast, inhibition of 
membrane (Na+-K~)-ATPases by phospholipases appears to be general2S,a°,aL a6. 

The inhibitions of the (Na+-K+)-ATPase, nitrophenylphosphatase, K+-nitro - 
phenylphosphatase, acetylphosphatase and K+-acetylphosphatase of the liver plasma 
membranes produced by phospholipase C in the present experiments may suggest 
that  these enzymes are to a greater or lesser extent dependent on the membrane 
phospholipids. The evidence for lipid dependence is, however, not unequivocal because 
of the presence of other biologically active substances in the phospholipase-C prepa- 
ration. However, it was shown that  the phospholipase-C-mediated inhibition of the 
(Na=-K+)-ATPase, acetylphosphatase and probably also the K+-acetylphosphatase 
could not have been due to inhibitory substances which are bound by serum albumin. 
Although the counteraction by  lecithin of the inhibitions of tile (Na+-K+)-ATPase 
and K+-nitrophenylphosphatase produced by the phospholipase-C preparation yielded 
some evidence for the lipid dependence of these enzymes, the uncertainty about the 
nature of the effects of lecithin on the corresponding activities of the control mem- 
branes prevents a clear-cut conclusion. The difficulty of interpretation is further 
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illustrated by the finding that whereas phospholipase C did not affect the ATPase, 
vet it increased the activating effect of lecithin and abolished that of sermn albumin 
on the latter enzyme. Furthermore, the possibility should be considered that the effect 
of lecithin on the buffer- and/or phospholipase-treated membranes is aspecific, being 
shared by other substances which may interact with the lnelnbrane structure or bind 
endogenously arising or phospholipase-produced inhibitors. Unpublished experiments 
have shown that ganglioside may replace lecithin in counteracting the inhibition of 
the K+-nitrophenylphosphatase produced by the phospholit)ase-C preparation. In- 
crease of ATPase and decrease of (Na+-K+)-ATPase activity is produced not only 
by lecithin but also by serum albumin and ganglioside in liver plasma membranes 
previously exposed at 37 ° to various buffers containing NaC1. In view of the chemical 
diversity of these compounds it appears likely that their effect is aspecific, involving 
changes in the membrane structure. As shown by unpublished electron micros(opic 
observations (@ also ref. 32), Na " cause swelling of the electron transparent layer of 
the triple-layered element of the liver plasma memt)rane, probably as a result of water 
imbibition. Serum albumin, lecithin and ganglioside might penetrate the interphase 
between the protein and lipid leaflets of the dilated membrane element, and thereby 
interfere with the enzyme reactions. Saponin, which profoundly affects the membrane 
structure 17, has a sinlilar effect on the ATPase and (Na}--K ~)-ATPase of fresh mem- 
branes as have the former compounds on buffer-treated membranes. A differential 
effect on the two enzymes is also exhibited by deoxycholate after dialysis. The effect 
of deoxycholate on the t)lasma membrane ATPase is of solne significance since it 
allows for a dual interpretation. The inhibition of this enzyme by deoxycholate is 
abolished after dialysis which removes the detergent from the dissolved membranes. 
Unpublished observations of W. S. BONT, P. ESIMEI.OX AND H. VAz DIAS on liver 
plasma membranes, confirming those of ENGELS~AX el al. '~a obtained with plasma 
membranes of a Mycoplasma species have shown that, contrary to recent opinion 
(see refs. 33 and 34), detergents cause the dissociation of the proteins and phospho- 
lipids of liver plasxna membranes. Since by dialysis electron microscopically distinct 
lipid-protein particles (and meinbrane sheets) are reconstituted aS, the above result 
might indicate that the ATPase is dependent on phospholipid. However, the most 
simple explanation would be that the detergent inhibits the enzyme by binding to it. 
Thus if enzyme preparations which have been prepared with bile salts ")5 or phospho- 
lipases 2~ are found to be dependent for further activity on added phospholipid, the 
latter might exert its effect by binding the detergent or enzyme inhibitors produced 
by phospholipase. 

Finally, the results obtained with the various neuraminidase preparations in 
the present experiments have demonstrated that the inhibitions of some of the 
meinbrane phosphohydrolases observed previouslyS, .2 after treatment of the mem- 
branes with neuraminidase Prep. a, cannot have been due to release of sialic acid 
from the membranes. Although Prep. a and the other neuralninidase preparations 
differed in their effect on the membrane enzymes, they all released the same amount 
of sialic acid from the plasma membranes and also abolished the colloidal iron 
hydroxide staining of plasma membrane sialic acid ~. Notwithstanding the failure s 
to detect proteolytic and phospholipase activities in neuraminidase Prep. a, the 
present results force us to conclude that this preparation was contaminated by some 
other enzyme or inhibitor which must have been responsible for the enzyme inhi- 
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bitions. The nature of this inhibitory agent cannot be traced since the neuraminidase 
Prep. a is no longer on the market. 

The various cases of contamination of certain commercially available enzyme 
preparations, reported in this paper, may serve as a warning against their indiscrimi- 
nate use for biochemical and electron microscopical studies. It seems likely that the 
amount and nature of the contaminants may vary from one preparation to another, 
and this might at least in part explain differences in results reported in the literature 
following the use of such enzymes, for example those on membrane ATPases by 
phospholipase C (refs. 23, 28 and 29). 
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