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Summary 

(1) 93% of the protein of chromaffin granule membranes can be solubilized 
by 1.3% (w/v) sodium cholate. The solubilized material can be substantially 
delipidated by ammonium sulphate precipitation. After three such cycles less 
than 2% of the endogenous phospholipids remain. 

(2) The chromaffin granule membrane Mg2+-ATPase depends on the presence 
of phospholipids for retention of its full activity. Soybean and extracted chro- 
maffin granule phospholipids fully reactivate the delipidated enzyme provided 
only one delipidation step is used. 

(3) Successive ammonium sulphate precipitation steps result in a delipidated, 
and deactivated ATPase preparation which can be only partially reactivated on 
re-addition of phospholipids. 

(4) The phospholipid specificity for reactivation of the Mg2+-ATPase is 
broad. Although acidic phospholipids allow higher activities than neutral phos- 
pholipids, the main requirement appears to be the hydrophobic environment 
provided by the phospholipid hydrocarbon chains. 

(5) Correlations between changes in slope in the Arrhenius plot of the Mg 2+- 
ATPase, and phase transitions in the phospholipid used for reactivation suggest 
that the 'fluidity' of the hydrocarbon chains modulates the activity of the 
enzyme. 

* Present address: ICI Petrochemicals Dlwsion, PO Box 90, Wilton, Middlesbrough, Cleveland, U.K. 
Abbreviations: ATPase, adenosine triphosphatase (EC 3.6.1.3)i dopamine ~-hydroxylase, 3,4-dihydroxy- 
phenylethylamine, ascorbate:O 2 oxidoreductase (fl-hydroxyiatmg) (EC 1.14.17.1); NADH oxidase, 
NADH: ferrieyanide oxidoreductase (EC 1.6.99.3); HEPES, N-2-hydroxymethylpiperazlne-N'-2-ethanesul- 
phonic acid .  
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(6) The chromaffin granule membrane dopamine fl-hydroxylase activity does 
not depend on the presence of a phospholipid. 

(7) The chromaffin granule membrane NADH : ferricyanide oxidoreductase 
activity is increased on delipidation. This increase is reversed when phospho- 
lipids are added back to the delipidated preparation. 

Introduction 

Complete understanding of the function of the cell requires a knowledge of 
membrane structure. The interactions between membrane components play a 
fundamental role in the regulation, and ordering, of many physiological proces- 
ses, and their study might help in understanding the functional complexity of 
membrane systems. Of particular interest is the nature of lipid-protein interac- 
tions and the way in which lipids regulate the activity of membrane-bound 
enzymes. Techniques recently developed for the delipidation of such enzymes 
include treatments with phospholipase [1--3], detergent [2--5] or organic 
solvent [6--8]. Delipidation often results in deactivation of the enzyme and it 
is the subsequent re-activation by addition of chemically defined lipids that 
provides information on the lipid specificity of membrane-bound enzymes. 
Such studies have lead to the concept of a 'boundary lipid' layer or lipid annu- 
lus [9,10] surrounding the enzyme in the membrane, and necessary not only 
for the full expression of enzyme activity but also for stabilization of the ter- 
tiary structure of the protein [11,12]. 

The membrane of the adrenomeduUary storage vesicles (chromaffin 
granules) has been analysed in several studies (for reviews see Refs. 13--15), 
and contains a number of enzyme activities. The Mg2÷-dependent ATPase has 
been shown to be an inwardly directed, electrogenic proton pump [16--21] 
and has been implicated in the mechanism of uptake of catecholamines [22-- 
25] and nucleotides [26]. Apps and Glover [27] have used dichloromethane 
extraction and glycerol density gradient centrifugation to isolate and purify the 
enzyme which has a molecular weight of approximately 400 000. These studies 
have recently been extended by Apps and Schatz [28] who have shown that, 
although sharing a number of common properties, the chromaffin granule 
ATPase and the mitochondrial ATPase are, nevertheless, distinct enzymes. 

The membrane-bound ATPase shows a non-linear Arrhenius temperature 
versus activity relationship [29] and the change in slope has been correlated 
with phase changes in the membrane as detected by fluorescent [29] and spin- 
labelled [30] probes. It appears that the motional properties of the membrane 
phospholipids have a direct influence on the activity of this enzyme. 

The NADH: (acceptor) oxidoreductase activity was originally attributed to a 
flavoprotein, cytochrome b-561, and one of the enzymes of catecholamine 
metabolism, dopamine fl-hydroxylase, as a possible terminal acceptor [17,31, 
32]. This interpretation has recently been questioned [33], and the functional 
significance of cytochrome b°561 and the NADH: (acceptor) oxidoreductase 
activity in the granule membrane remains to be determined. 

Understanding the molecular mechanism of neurotransmitter release from 
the chromaffin granule requires a complete description of the interactions in 
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the granule membrane and, in particular, those between the lipids and proteins. 
Current ideas suggest that the release mechanism involves fusion of the granule 
and the plasma membrane (exocytosis) [34] and it is likely that the granule 
membrane plays a fundamental role in this process. In this paper we extend our 
previous work [35] on ~he reconstitution of membrane-bound Mg2+-ATPase, 
and present the results of studies aimed at explaining the nature of lipid-protein 
interactions in the chromaffin granule membrane. The results of such studies 
may enable a more complete description to be made of the role of the mem- 
brane in granule function and, in particular, in the molecular mechanism of 
exocytosis. 

Experimental procedure 

Materials 
Sodium cholate was obtained from the Sigma Chemical Co. and was recrys- 

tallized twice from 70% aqueous ethanol after treatment with activated char- 
coal. Chromaffin granule phospholipids were extracted from the membranes by 
the method of Bligh and Dyer [36]. Soybean phospholipids were obtained 
from the Sigma Chemical Co. and purified as described [37]. Phosphatidylino- 
sitol, phosphatidylcholine, sphingomyelin and lysophosphatidylcholine were ob- 
tained from Lipid Products; phosphatidylethanolamine, phosphatidylserine and 
dipalmitoyl phosphatidylcholine from Koch-Light Laboratories and dimy- 
ristoyl phosphatidylcholine from the Sigma Chemical Co. Dipalmitoleoyl 
phosphatidylcholine was the kind gift of Dr. B. de Kruijff (University of 
Utrecht). Phospholipids were stored as stock solutions in chloroform or chloro- 
form/methanol ( 1 : 1  v/v) under nitrogen at --20°C and were checked for 
purity by thin-layer chromatography before use. All other chemicals were of 
the highest purity available commercially. Water was doubly distilled in an all 
glass apparatus, and other solvents were distilled before use. 

Methods 
Purified chromaffin granule membranes were prepared from the adrenal 

glands of freshly slaughtered cattle by differential centrifugation as described 
previously [38]. The final membrane pellet was resuspended in a medium con- 
taining 10 mM Hepes, 10% (w/v) glycerol, 1 mM magnesium sulphate, 0.5 mM 
EDTA and 3 mM fl-mercaptoethanol (pH 8.0) (membrane buffer) when assay- 
ing for ATPase activity, or 10 mM Hepes (pH 8.0) when assaying for NADH 
oxidase or dopamine ~-hydroxylase activities. 

The membranes were solubilized by dropwise addition of a 10% (w/v) 
sodium cholate, pH 8.0, (final concentration 1.3% w/v) to the membrane sus- 
pension made 10% saturated with ammonium sulphate. The final cholate: pro- 
rein ratio was in the range 5--7 (w/w). After stirring at 4°C for 20 min, the 
preparation was centrifuged at 100 000 × gay for 1 h in the 6 • 14 ml Ti rotor of 
an MSE Prepspin ultracentrifuge. The supernatant (cholate extract) was 
decanted from the pellet and kept at 4°C until use. 

The solubilized preparation was delipidated by dropwise addition of a satu- 
rated solution of ammonium sulphate (pH 8.0) to a final saturation of 45%. 
After 10 minutes stirring at 4°C, the suspension was centrifuged at 27 000 × g,v 
for 20 min. The pale yellow supernatant (labelled 45S) was decanted from the 



366 

red pellet (labelled 45P) which was dissolved in either membrane buffer con- 
taining 1.3% (w/v) sodium cholate at pH 8.0 or 10 mM Hepes containing 1.3% 
(w/v) sodium cholate at pH 8.0. Complete solubilization was obtained by 
gentle mixing with a glass rod. 

Reconstitution was carried out by addition of the 45P pellet to a sonicated 
solution of phospholipids (approx. 10 mg/ml) in either membrane buffer or 
10 mM Hepes. In both cases the buffer contained 1.3% (w/v) sodium cholate 
at pH 8.0. This solution was dialysed at 4°C against a 100-fold excess of mem- 
brane buffer or 10 mM Hepes (pH 7.0) with five changes over a period of 36 h. 
At the end of this period, samples were removed for assay of enzyme activity, 
protein and lipid phosphorus. 

Unless otherwise stated in the text, ATPase activity was assayed at pH 6.6 
and 30°C using an ATP-regenerating system coupled to NADH oxidation, the 
absorbance change at 340 nm being monitored continuously [39]. 

NADH oxidase activity was assayed at 25°C. The reaction medium contained 
10 mM Tris sulphate, 1 mM potassium ferricyanide and 20--100 ~g of mem- 
brane protein in a total volume of 3.0 ml. The reaction was initiated by addi- 
tion of 60 ~M NADH and the absorbance change at 340 nm measured con- 
tinuously. 

Dopamine fl-hydroxylase activity was assayed at 37°C according to the meth- 
od of Nagatsu and Udenfriend [40], using tyramine as substrate. In contrast to 
the findings of Helle et al. [41], it was found necessary to include the column 
step in the procedure. 

Protein was assayed by the Biuret reaction [42] and lipid phosphorus 
according to the method of McClare [43] after perchloric acid digestion. 

Fluorescence polarization-temperature scans were made on the apparatus 
described by Bashford et al. [44] using diphenylhexatriene as the probe. The 
probe (final concentration 1 #M) was added as a concentrated stock solution in 
tetrahydrofuran, and was allowed to bind for 1 h prior to running the scan. 

Results 

Phospholipid dependence of the Mg2÷-ATPase 
Sodium cholate at 1.3% (w/v) solubflized 93% (range 89--97% for 18 deter- 

minations) of the protein of the chromaffin granule membrane (Table I). The 
solubflized membrane protein was substantially delipidated by addition of am- 
monium sulphate to a final saturation of 45%, followed by centrifugation of 
the precipitated protein. This procedure gave a preparation with a lipid-to-pro- 
tein ratio of 0.22 pmol/mg (range 0.12--0.35 for 12 preparations), representing 
removal of 83--94% of the endogenous phospholipids. Parallel with this level of 
phospholipid depletion, the ATPase activity was reduced by approximately 
75% (Table I), although the activity obtained for the delipidated preparations 
was critically dependent on the level of phospholipid depletion. 

Addition of extracted chromaffin granule phospholipids to the pellet (45P) 
restored the ATPase activity. The maximal activity (223 nmol Pi released/min 
per mg protein), was obtained at a lipid-to-protein ratio of 1.0 pmol/mg (Fig. 
la). It is clear from Fig. 1 that the activity of the ATPase depends on the pres- 
ence of phospholipid. 



367 

T A B L E  I 

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

C h r o m a f f l n  g r a n u l e  m e m b r a n e s  we re  so lub i l i zed  a n d  d e l i p i d a t e d  b y  a m m o n i u m  s u l p h a t e  p r e c i p i t a t i o n  as  
d e s c r i b e d  in  E x p e r i m e n t a l  p r o c e d u r e .  A f t e r  ex t ens ive  d ia lys i s  t o  r e m o v e  a m m o n i u m  s u l p h a t e  a n d  s o d i u m  
c h o l a t e ,  s a m p l e s  w e r e  r e m o v e d  f o r  a s s a y  o f  p r o t e i n ,  l ip id  p h o s p h o r u s  a n d  A T P a s e  ac t i v i t y .  F igu re s  f o r  
A T P a s e  a c t i v i t y  r e p r e s e n t  t h e  m e a n  + S.D,  f o r  f o u r  d e t e r m i n a t i o n s ,  r e su l t s  o b t a i n e d  f o r  a t y p i c a l  expe r i -  
m e n t .  

% P r o t e i n ,  L i p i d / p r o t e i n  A T P a s e  a c t l v i t y  
m e a n  (~ tmol lmg) ,  ( n m o l  Pi r e l e a s e d / r a i n  
( a n d  r a n g e )  m e a n  p e r  m g  p r o t e i n )  

( a n d  r a n g e )  

M e m b r a n e s  ' 1 0 0 '  2 . 0 6  ( 1 . 5 4 - - 2 . 5 2 )  1 8 2 . 5  ± 6 .3  
C h o l a t e  e x t r a c t  9 3  ( 8 9 - - 9 7 )  2 . 2 6  ( 1 . 7 7 - - 2 . 8 4 )  2 0 2 . 1  ± 2 7 . 3  * 
4 5 P  57  ( 5 0 - - 6 5 )  0 . 2 2  ( 0 . 1 2 - - 0 . 3 5 )  4 7 . 6  ± 2 .3  ** 
4 5 S  36  ( 2 8 - - 4 3 )  5 . 0 2  ( 3 . 6 3 - - 7 . 4 2 )  - -  

* B e f o r e  d ia lys i s  a c t i v i t y  w a s  1 2 6 . 8  ± 2 0 . I .  
** A c t i v i t y  d e p e n d s  c r i t i ca l ly  o n  l i p i d - t o - p r o t e i n  r a t i o .  
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Fig.  1. R e a c t i v a t i o n  o f  t h e  e h r o m a f f i n  g r a n u l e  m e m b r a n e  Mg2+-ATPase  b y  c h r o m a f f l n  g r a n u l e  o r  s o y b e a n  
p h o s p h o h p i d s .  C h r o m a f f i n  g r a n u l e  m e m b r a n e s  w e r e  so lub i l i z ed  a n d  d e l i p i d a t e d  b y  a m m o n i u m  s u l p h a t e  
p r e c i p i t a t l o n  as  d e s c r i b e d  in  E x p e r i m e n t a l  p r o c e d u r e .  E x t r a c t e d  c h r o m a f f i n  g r a n u l e  (a)  o r  p u r i f i e d  soy -  
b e a n  p h o s p h o U p i d s  (b)  w e r e  a d d e d  t o  t h e  d e l l p i d a t e d  p r e p a r a t i o n s  a n d  t h e  s a m p l e s  we re  e x t e n s i v e l y  d ia -  
l y s c d  t o  r e m o v e  s o d i u m  c h o l a t e  a n d  a m m o n i u m  s u l p h a t e .  A t  t h e  e n d  o f  t h e  d ia lys i s  p e r i o d ,  s a m p l e s  we re  
r e m o v e d  f o r  assay  o f  p r o t e i n ,  l ip id  p h o s p h o r u s  a n d  A T P a s e  a c t i v i t y .  E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  f o r  a t  
l eas t  f o u r  d e t e r m i n a t i o n s .  

Fig.  2.  R e a c t i v a t i o n  o f  t h e  c h r o m a f f i n  g r a n u l e  m e m b r a n e  Mg2+-ATPasc  b y  p h o s p h o l l p i d s .  C h r o m a f f l n  
g r a n u l e  m e m b r a n e s  we re  so lub i l i z ed  a n d  d e l i p i d a t e d  b y  a m m o n i u m  s u l p h a t e  p r e c i p i t a t i o n  as  d e s c r i b e d  in  
E x p e r i m e n t a l  p r o c e d u r e .  P h o s p h o H p i d s  w e r e  a d d e d  t o  t h e  d e l i p i d a t e d  p r e p a r a t i o n  a n d  t h e  s a m p l e s  we re  
e x t e n s i v e l y  d i a l y s e d  t o  r e m o v e  s o d i u m  c h o l a t e  a n d  a m m o n i u m  s u l p h a t e .  A t  t h e  e n d  o f  t h e  d ia lys i s  p e r i o d ,  
s a m p l e s  w e r e  r e m o v e d  f o r  a s say  o f  p r o t e i n ,  Hpid  p h o s p h o r u s  a n d  A T P a s e  ac t i v i t y .  E a c h  p o i n t  r e p r e s e n t s  
t h e  m e a n  f o r  a t  l eas t  f oux  d e t e r m i n a t i o n s .  A b b r e v i a t i o n s :  PI ,  p h o s p h a t i d y l i n o s i t o l ;  PS,  p h o s p h a t i d y l -  
se r ine ;  PC,  p h o s p h a t i d y l c h o l i n e ;  LPC,  l y s o p h o s p h a t i d y l c h o l i n e ;  PE,  p h o s p h a t i d y l e t h a n o l a m i n e ;  SPH,  
s p h i n g o  m y  elin.  
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Further depletion of phospholipid by repeating the ammonium sulphate 
precipitation step resulted in a preparation with an ATPase activity of only 
6 nmol Pi released/min per mg protein at a lipid-to-protein ratio of 0.02 pmol/ 
mg. On addition of extracted chromaffin granule phospholipids to this prepa- 
ration, maximal activities of only 40 nmol Pi released/min per mg protein were 
obtained. Thus, extensive delipidation results in a deactivation which is only 
partially reversible. 

The activity of the delipidated preparation was also restored by addition of 
purified soybean phospholipids (Fig. lb), although in this case, the maximal 
activity, obtained at a lipid-to-protein ratio of 0.6 #mol/mg, was less than that 
observed when chromaffin granule phospholipids were used. In the absence of 
the protein fraction 45P, neither chromaffin granule nor soybean phospholipid 
preparations, treated in the same way, showed any ATPase activity. 

Fig. 2 shows the results of experiments in which the reactivation of the ATP- 
ase was carried out by addition of pure phospholipids of a particular class. The 
curves for the activities against lipid protein ratios all have similar shapes, with 
the exception of that for sphingomyelin. Peak ATPase activity is obtained at a 
lipid-to-protein ratio of 1.0 ~mol/mg except for sphingomyelin and lysophos- 
phatidylcholine, in common with that found for chromaffin granule phospho- 
lipid (Fig. la). The curve for lysophosphatidylcholine has a peak activity at a 
lipid-to-protein ratio of 2.0 pmol/mg. This difference may be connected with 
this phospholipid having only one fatty acid chain per molecule. While all of 
the phospholipids used reactivated the delipidated ATPase, reactivation with 
the acidic phospholipids phosphatidylserine and phosphatidylinositol resulted 
in significantly higher peak activities than those obtained using the neutral 
phospholipids. 

The effect o f  temperature on the Mg2+-ATPase activity 
The Arrhenius plot for the activity of the chromaffin granule Mg2÷-ATPase 

is non-linear (Fig. 3). There is a change in slope at approx. 33°C, with activa- 
tion energies of 30.8 kJ/mol and 51.1 kJ/mol above and below this temper- 
ature, respectively (Table II). The temperature at which the change in slope 
occurs has previously been correlated with phase changes in the membrane as 
detected by fluorescence [29] and spin-labelled [30] probes. 

The Arrhenius plot for the delipidated preparation is also non-linear, 
although the activation energies both above and below the break temperature 
are increased (Fig. 3 and Table II). Similarly, the change in slope was main- 
tained, and both activation energies were decreased when extracted chromaffin 
granule phospholipids were added back to the delipidated preparation. 

In order to investigate the role of phospholipid fatty acid chain 'fluidity' in 
modulating the activity of the ATPase, Arrhenius plots were constructed for 
the enzyme reactivated with three synthetic phosphatidylcholines: dimyristoyl, 
dipalmitoyl and dipalmitoleoyl phosphatidylcholines. These phospholipids 
exhibit gel-to-liquid-crystalline phase transitions at temperatures of 23, 41.5 
and --36°C, respectively [45]. As shown in Fig. 4, the Arrhenius plot obtained 
when the ATPase was reactivated with dipalmitoleoyl phosphatidylcholine was 
linear over the entire range of temperatures studied. The plots obtained for 
dimyristoyl phosphatidyl- and dipalmitoyl phosphatidylcholine-reactivated 
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Fig. 3. The temperature-dependence of the chzomaffm granule membrane ATPase following lipid modifi- 
cation. 4 5 P  w a s  r e c o n s t i t u t e d  w i t h  (e )  o r  w i t h o u t  (o )  e x t r a c t e d  c h r o m a f f i n  g r a n u l e  p h o s p h o l i p i d s  as 
d e s c r i b e d  in  E x p e r i m e n t a l  p r o c e d u r e .  A f t e r  ex t ens ive  d ia lys i s ,  s a m p l e s  w e r e  r e m o v e d  f o r  assay  o f  A T P a s e  
a c t i v i t y ,  p r o t e i n  a n d  l ip id  p h o s p h o r u s ,  o,  C o n t r o l  ( d i a ly sed )  m e m b r a n e s .  L i p i d - t o - p r o t e i n  r a t i o s  were :  o ,  
2 .0 ;  e ,  2 .2  a n d  ~, 0 . 1 8  # m o l / m g  p r o t e i n .  E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  f o r  a t  l eas t  t w o  d e t e r m i n a t i o n s .  

Fig.  4.  The  t e m p e r a t u r e - d e p e n d e n c e  o f  t h e  c h r o m a f f i n  g r a n u l e  m e m b r a n e  A T P a s e  f o l l o w i n g  h p i d  m o d i -  
f i c a t i o n .  4 5 P  w a s  r e c o n s t i t u t e d  w i t h :  D, d i p a l m i t o y l  p h o s p h a t i d y l c h o l i n e ;  o ,  d i m y r i s t o y l  p h o s p h a t i d y l -  
c h o l i n e  o r  e ,  d i p a l m i t o l e o y l  p h o s p h a t i d y l c b o l i n e  as  d e s c r i b e d  m E x p e r i m e n t a l  p r o c e d u r e .  A f t e r  ex t ens ive  
d ia lys is ,  s a m p l e s  w e r e  r e m o v e d  f o r  a s say  o f  A T P a s e  a c t i v i t y ,  p r o t e i n  a n d  l ip id  p h o s p h o r u s .  L i p i d - t o - p r o -  
t e in  r a t i o s  we re  5 .9  (o) ,  6 .3  (o)  a n d  4 .2  ( e ) / ~ m o l / m g  p r o t e i n .  E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  f o r  a t  l eas t  
t w o  d e t e r m i n a t i o n s .  

ATPase, however, were non-linear, with changes in slope at 24.5 and 39.2°C, 
respectively. These temperatures are very close to the observed gel-to-liquid- 
crystalline phase-transition temperatures of the pure phospholipids. 

The phase behaviour of the reconstituted systems was investigated by mea- 

T A B L E  II 

T H E  E F F E C T  O F  L I P I D  M O D I F I C A T I O N  O N  T H E  A C T I V A T I O N  E N E R G Y  O F  T H E  C H R O M A F F I N  

G R A N U L E  M E M B R A N E  A T P a s e  

A c t i v a t i o n  ene rg ie s  w e r e  o b t a i n e d  f r o m  t h e  s lopes  o f  t h e  t e m p e r a t u r e - a c t i v i t y  p l o t s  s h o w n  in  Figs.  3 a n d  
4. T k is t h e  t e m p e r a t u r e  a t  w h i c h  t h e  c h a n g e  i n  s lope  o c c u r s .  E a > T k a n d  E a < T k r e p r e s e n t  t h e  ac t iva-  
t i o n  ene rg ie s  ( k J / m o l )  a b o v e  a n d  b e l o w  t h e  b r e a k  t e m p e r a t u r e ,  r e s p e c t i v e l y .  A b b r e v i a t i o n s :  CG,  c h r o m a f -  
f in  g r a n u l e ;  DPePC,  d i p a l m i t o l e o y l  p h o s p h a t i d y l c h o l l n e ;  D P P C ,  d i p a l m i t o y l  p h o s p h a t i d y l c h o l i n e ;  D M P C ,  
d i m y r i s t o y l  p h o s p h a t i d y l c h o l L n e .  

T k E a > T k E a < T k 
(o C) (k J / t o o l )  ( k J / m o l )  

M e m b r a n e s  3 3  3 0 . 8  5 1 . 1  
D e l i p i d a t e d  m e m b r a n e s  3 3  6 2 . 2  9 3 . 0  
M e m b r a n e s  r e c o n s t i t u t e d  w i t h :  

C G  I ip ids  3 3  38 .7  5 7 . 4  
D P e P C  - -  56 .1  
DPPC 3 9 . 2  50 .1  1 2 6 . 1  
D M P C  2 4 . 5  4 7 . 5  1 4 2 . 8  
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Fig. 5, F luo rescence  p o l a r i z a t i o n - t e m p e r a t u r e  scans for  d i p h e n y l h e x a t r l e n e  in 45P r e c o n s t i t u t e d  wi th .  
a, d i p a l m i t o y l  p h o s p h a t i d y l c h o l i n e ;  b,  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  and  c, d ipa lmi to l eoy l  phospha t i -  
dy lcho l ine .  45P f rac t ion  was  r e c o n s t i t u t e d  w i th  s yn the t i c  p h o s p h a t i d y l c h o l i n e s  as desc r ibed  m Experi-  
m e n t a l  p rocedu re .  A f t e r  ex tens ive  dialysis,  samples  were  r e m o v e d  an d  d i lu ted  in to  10 m M  Hepes ,  p H  7.0.  
D i p h e n y l h e x a t r i e n e  was  a d d e d  as a c o n c e n t r a t e d  s tock  so lu t ion  in t e t r a h y d r o f u r a n  to  1/~M final con- 
c e n t r a t i o n  and  a l lowed  to  b ind  for  1 h p r io r  to  r u n m n g  the  scan.  The  exc i t a t ion  wave  length  was  360 rim, 
and  emiss ion  was  m o n i t o r e d  above  440  n m  using cu t -o f f  filters. P ro te in  c o n c e n t r a t i o n  was  0.1 m g / m l  and  
hp id - to -p ro te in  ra t ios  were :  a, 5.9;  b ,  6 .3 a nd  c, 4 . 2 / ~ m o l / m g  pro te in .  

suring the fluorescence polarization as a function of temperature using 
diphenylhexatriene as probe. The results obtained for the 45P fraction recon- 
stituted with dipalmitoyl phosphatidylcholine or dimyristoyl phosphatidyl- 
choline demonstrate that the lipid component undergoes gel-to-liquid-crystal- 
line phase transitions at temperatures of 42 and 24°C, respectively (Fig. 5). In 
contrast, no phase transition is observed when the system is reconstituted with 
dipalmitoleoyl phosphatidylcholine, and the polarization-temperature plot is 
characteristic of the probe in a fluid lipid environment. 

The effect o f  phospholipid depletion on the NADH oxidase activity 
Initial experiments suggested that the NADH: ferricyanide oxidoreductase 

activity of the chromaffin granule membrane was not dependent on the phos- 
pholipid component of the membrane. The ammonium sulphate fractionation 
step was, therefore, carried out three times, in order to achieve a more exten- 
sive delipidation. The third step resulted in a protein preparation with less than 
2% of the endogenous phospholipids remaining. Even at this level of phospho- 
lipid depletion, the NADH oxidase activity was not significantly reduced (Table 
III). Indeed, when compared to that of the solubilized membranes, there was a 
marked stimulation in activity. On reconstitution with chromaffin granule 
phospholipids, the activity of the NADH oxidase decreased (Table III), suggest- 
ing that the enzyme activity is restricted by phospholipids. 

In the absence of added protein, chromaffin granule phospholipids had no 
detectable NADH oxidase activity. 

The effect o f  phospholipid depletion on the dopamine fl-hydroxylase activity 
The results of a study on the phospholipid dependence of the dopamine 

fl-hydroxylase activity of the chromaffin granule membrane are shown in Table 
III. Depletion of 98% of the endogenous membrane phospholipids did not sig- 
nificantly change the activity of this enzyme compared to that of the solubil- 
ized preparation. Similarly, reconstitution with extracted chromaffin granule 
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T A B L E  I I I  

T H E  E F F E C T S  O F  L I P I D  M O D I F I C A T I O N  O N  T H E  N A D H  O X I D A S E  A N D  D O P A M I N E  ~ - H Y D R O -  

X Y L A S E  A C T I V I T I E S  O F  T H E  C H R O M A F F I N  G R A N U L E  M E M B R A N E  

Chromaff ln  ~canule m e m b r a n e s  were  so lubi l ized,  de l ip idated and reconst i tuted  as described in Exper imen-  
tal procedure .  After  extens ive  dialysis ,  samples  were  removed  for  assay o f  e n z y m e  act ivity ,  prote in  and 
l ipid phosphorus .  Values  for e n z y m e  activit ies  represent  the  m e a n  ± S . D .  for  at least four  determinat ions .  
CG, chromaf f in  gzanule.  

L ip id /prote in  
0~mol /mg)  

E n z y m e  activity 
0~mol /min  per mg prote in)  

N A D H  ox idasc  D o p a m i n e  
f l -hydroxylase  

Membranes  

Cholate  extract  

4 5 P  
1st fract ionat ion  
2nd fract ionat ion  
3rd fract ionat ion  

4 5 P ,  3rd f tac t ionat ion  + C G  Hpids 

1 .86  0 .21  ± 0 .01  0.6 ± 0.1 

1 . 8 7  0 . 3 5  ± 0 . 0 2  1 .1  ± 0 . 2  

0 . 2 2  0 . 4 6  ± 0 . 0 1  1 .1  ± 0 . 2  
0 . 0 9  0 . 4 4  ± 0 . 0 3  1 .1  + 0 . 3  
0 . 0 4  0 . 3 9  ± 0 . 0 1  1 . 3  ± 0 . 1  

4 . 4 9  0 . 2 7  ± 0 . 0 1  1 . 3  + 0 .1  

3 . 8 3  0 . 3 1  ± 0 . 0 2  1 . 2  ± 0 . 2  

2 . 0 2  0 . 3 2  + 0 . 0 0  1 . 3  ± 0 . 3  

0 . 8 3  0 . 2 7  ± 0 . 0 1  1 . 3  ± 0 . 3  
0 . 5 1  0 . 2 9  ± 0 . 0 1  1 . 5  ± 0 .1  

phospholipids had no effect on the enzyme activity. It may, therefore, be con- 
cluded that the activity of the dopamine fi-hydroxylase does not depend on a 
specific interaction of  the enzyme with phospholipid. 

In the absence of  protein, chromaffin granule phospholipids showed no dop- 
amine fi-hydroxylase activity. 

Discussion 

The results presented in this paper show that the proton-translocating Mg 2÷- 
ATPase of the chromaffin granule membrane can be solubilized and recon- 
stituted in an active form using sodium cholate. Depleting the membrane of 
phospholipids by solubilization and ammonium sulphate precipitation results in 
a preparation with a substantially decreased ATPase activity. The activity is 
recovered on reconstitution with either chromaffin granule or soybean phos- 
pholipids. Substantial delipidation, however, results in a deactivation which is 
only partially reversible, and suggests that the presence of phospholipids is not 
only required for the Mg2+-ATPase activity, but also for maintaining the stabil- 
ity of the enzyme. Similar observations have been made for the proton-trans- 
locating ATPases of  mitochondria [37,46,47] and the thermophilic bacterium 
PS3 [48], and it is likely that phospholipid-dependent ATPase activity is a 
general feature for membrane-bound enzyme complexes of  this type. 

The concept of a 'boundary' layer of lipid [9,10] surrounding membrane 
proteins, and which may be necessary for the full expression of  enzyme activity 
[12], has been advanced in recent years. The irreversible deactivation of the 
chromaffin granule membrane ATPase by extensive delipidation may also be 
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related to the existence of this boundary layer, the removal of which results in 
deactivation of the enzyme. Similar irreversible deactivation on substantial 
delipidation has also been demonstrated for the Ca2+-ATPase of sarcoplasmic 
reticulum [12] and the Mg2÷-ATPase of Acholeplasma laidlawii [49]. 

Several previous studies have shown that the re-activation of delipidated and 
deactivated membrane enzymes is sometimes dependent on the presence of cer- 
tain headgroups in the lipids used for reconstitution [11,49--51]. In contrast, 
other studies have demonstrated that the lipid specificity for reactivation is 
broad [8,52--55]. In some cases detergents can replace phospholipids in the 
reactivating role [53,56]. The situation is further complicated by conflicting 
observations on the same enzyme (see, e.g., Ref. 50). 

The chromaffin granule membrane Mg2÷-ATPase belongs to the group of 
integral membrane proteins requiring phospholipid for activity. The activity 
depends mainly on the hydrophobic environment provided by the lipid hydro- 
carbon chains rather than any specific headgroup interaction. Thus, although 
the acidic phospholipids phosphatidylserine and phosphatidylinositol activate 
the enzyme to a greater extent than the neutral phospholipids tested, both 
groups of lipids supported substantially higher activities than in the delipidated 
preparation. It should, however, be remembered that the hydrocarbon chains 
of the lipids used for reactivation are heterogeneous. Strictly, comparisons of 
the effectiveness of lipid headgroups in the reactivation role should be made 
with lipids containing identical hydrocarbon chains. This has been done in the 
case of the Ca2÷-ATPase of sarcoplasmic reticulum by using a series of dioleoyl 
phospholipids [57] and for the (Na ÷ + K÷)-ATPase by using a series of phos- 
polipids derived from a single natural source by enzymic modification [58]. 

The relationship between activity and lipid/protein ratios obtained in this 
study shows the importance of testing reactivation over a wide range of lipid- 
to-protein ratios. Misleading conclusions concerning the phospholipid specif- 
icity of reactivation may be obtained if the activity is tested at only one lipid- 
to-protein ratio. 

The relationships between the physical state of membrane lipids and the 
activities of membrane-bound enzymes have been often analysed [3,49,59-- 
63]. Changes in the activation energies of such enzymes were sometimes found 
to depend on the fatty acid composition of the membrane lipids, and correla- 
tions have been made between the 'fluidity' of the lipid hydrocarbon chains, 
and enzyme activities [3,49,51,59--63]. Kimelberg and Papahadjopoulos [61] 
have introduced the term 'viscotropic regulation' to describe the influence of 
fatty acyl chain fluidity on enzyme function. The ATPase of the chromaffin 
granule membrane exhibits such viscotropic regulation as shown by the corre- 
lations between changes in slope in the Arrhenius activity-temperature relation- 
ships, and the physical state of the membrane lipids. 

The maintenance of the change in slope at 33°C in the delipidated ATPase 
preparation is also of interest. Marsh et al. [30] have shown that a covalently 
bound iodoacetamide spin label reveals a transition, at 32 ° C, within the protein 
component of the membrane, or its immediate lipid environment. The change 
in slope in the Arrhenius plot for the delipidated preparation may, therefore, 
be connected with a possible transition or phase change in the boundary lipid 
surrounding the ATPase. Such a transition has been observed in the cytochro- 
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me P-450-cytochrome P-450 reductase system in liver microsomes [64]. Alter- 
natively, the change in slope could be due to a conformational change in the 
enzyme itself. This, however, would appear to be unlikely since the change in 
slope at 33°C is absent when the ATPase is reconstituted with some synthetic 
phosphatidylcholines (Fig. 4). 

In contrast to the observations on the chromaffin granule membrane ATP- 
ase, the membrane-bound dopamine ~-hydroxylase does not appear to require 
the presence of phospholipids. Although this conclusion was also reached by 
a previous study [65] using phospholipase degradation to deplete the mem- 
brane of phospholJpid, these authors did not quantify the extent of phospho- 
lipid hydrolysis, and we have shown that phospholipases can only hydrolyse up 
to 50% of the phospholipid in the chromaffin granule membrane [40]. The ob- 
servations made in this study indicate that the membrane-bound form of this 
enzyme may be classed in the group of peripheral membrane proteins, which, 
being bound only to the membrane surface, tend to have activities which are 
not dependent on the phospholipid component. Certainly, it might be expected 
that an enzyme existing actively in both a soluble and a membrane-bound form 
[66], and identical in amino acid composition, electrophoretic mobility, and 
immunochemical properties [67], would have an activity which does not 
require the presence of phospholipid. Bjerrum et al. [68] have shown that the 
membrane-bound form of this enzyme is amphiphilic, and can be converted to 
the soluble, hydrophilic form by the action of thermolysin or chymotrypsin. 
They have suggested that small hydrophobic 'tail' anchors the enzyme in the 
membrane, and that the action of the proteases is to remove this portion of the 
molecule. This interpretation correlates with the conclusions on the peripheral 
nature of the enzyme given above. The hydrophobic 'tail' is not required for 
expression of enzyme activity. 

The NADH oxidase activity of the chromaffin granule membrane appears to 
be negatively modulated by phospholipids. Thus, removal of 98% of the mem- 
brane phospholipids increases enzyme activity; an effect which is reversed when 
phospholipids are added back to the delipidated preparation. Similar increases 
in activity were obtained for the NADH oxidase and p-nitrophenylphosphatase 
of the A. laidlawii membrane after phospholipase digestion [49]. Although the 
precise physiological advantages of this arrangement are not clear, it may be 
that subtle changes induced in the membrane in vivo result in an enzyme activ- 
ity that is internally regulated to meet varying demand. Alternatively, enzymes 
regulated in this way may require a hydrophilic environment in which to 
express their full activity, and their positioning in the membrane may simply be 
related to their metabolic role. Thus, for example, the membrane location of 
the chromaffin granule NADH oxidase may be necessary for efficient interac- 
tion with an endogenous membrane-bound electron acceptor. In this connec- 
tion, it is notable that although the NADH oxidase of A. laidlawii has been 
shown to be a membrane-bound enzyme [69,70] it does not exhibit viscotropic 
regulation [62]. 

Finally, it should be noted that although the NADH oxidase of microsomal 
membranes exhibits a phospholipid requirement when cytochrome c is used as 
electron acceptor [71], no such requirement is observed using ferricyanide. 
This finding may indicate that phospholipid is required for the transfer of elec- 
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trons only when lipid-soluble electron acceptors are involved, and supports the 
suggestion that  the membrane location of  the NADH oxidase activity is a direct 
requirement of  its metabolic role. 
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