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Summary 

Synaptosomal plasma membranes from mammalian brain contain protein 
kinase activity which phosphorylates endogenous membrane proteins and is 
stimulated by cyclic AMP. Using polyacrylamide gel electrophoresis it was 
shown that at least ten proteins in the synaptosomal plasma membrane frac- 
tion could be phosphorylated by endogenous cyclic AMP-stimulated protein 
kinase activity. The number of proteins whose phosphorylation was stimulated 
by cyclic AMP was strongly influenced by the pH and Mg 2÷ concentration used 
in the phosphorylation reaction. A complex pattern of cyclic AMP-stimulated 
protein phosphorylation was obtained only with synaptosomal plasma mem- 
branes and a crude microsomal fraction. Mitochondrial and myelin fractions 
exhibited no cyclic AMP-stimulated protein kinase activity. Investigation of 
the distribution of substrates for cyclic AMP-stimulated phosphorylation 
among various brain regions failed to reveal any regional differences. 

Introduction 

A large body of evidence has been obtained in recent years indicating that a 
number of putative neurotransmitter substances can stimulate the intracellular 
production of cyclic AMP in their receptor cells and thereby regulate the cyclic 
AMP-dependent phosphorylation of neuronal proteins [ 1,2 ]. Thus, for instance, 
incubation of brain slices in the presence of various biogenic amines leads to an 
increase in both cyclic AMP content [3,4] and protein phosphorylation [5]. Of 
particular interest in this connection is the finding that synaptosomal plasma 
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membrane preparations contain a membrane-bound, cyclic AMP-stimulated 
protein kinase (EC 2.7.1.37} which is capable of phosphorylating a number of 
endogenous membrane proteins [6]. This suggests that cyclic AMP produced 
at the synapse could stimulate the phosphorylation of synaptic proteins 
resulting in a modification of membrane properties. In this report we demon- 
strate the presence of at least ten substrates for the endogenous cyclic AMP- 
stimulated protein kinase of synaptosomal plasma membranes from rat brain. 
Further, we describe their distribution among membranes derived from various 
brain regions in an attempt to determine whether regional differences in 
specific neurotransmitter systems might be'reflected in the pattern of protein 
phosphorylation. 

Methods 

Male Wistar rats (250--300 g) were stunned by a blow on the back of the 
neck and decapitated. The whole cerebrum was removed and homogenised in 
9 vols. of 10% (w/w) sucrose. The homogenate was fractionated by differential 
centrifugation to yield a crude nuclear pellet (800 ×g, 20min),  crude 
mitochondrial pellet {9000 ×g, 20 min) and a crude microsomal pellet (P3; 
100 000 × g, 60 min). The crude mitochondrial pellet was subjected to osmotic 
shock and fractionated further by flotation density gradient centrifugation [7] 
to yield three fractions: P2A (crude myelin), P2B (synaptosomal plasma mem- 
branes} and P2C (mitochondria). Before the membrane fractions were used for 
phosphorylation studies they were washed once with 5 mM Tris-HC1, pH 7.4, 
twice with the same buffer containing 150 mM NaC1 and twice with buffer 
without NaCl (approximately 10 ml of buffer/mg of protein in each wash). 
Washing with salt did not have any effect upon the pattern obtained after elec- 
trophoresis of membrane phosphoproteins provided that the NaC1, which is an 
inhibitor of endogenous protein kinase activity [8], was washed out. Neverthe- 
less, it was included as a precaution against artefacts which might arise due to 
nonspecific binding of soluble protein kinase to the membranes. The washed 
pellets were suspended in 5 mM Tris-HC1, pH 7.4, and stored at --20°C at a pro- 
tein concentration of 10 mg/ml. 

For studies on the regional distribution of membrane phosphoproteins in 
brain, P2B fractions were prepared from cortical grey matter, corpus striatum 
and cerebellum. 

Unless otherwise stated, membrane phosphorylation, electrophoresis and the 
determination of radioactivity were performed as previously described [9]. The 
nomenclature used to designate the various phosphoprotein fractions is based 
upon that previously used in the case of crude microsomes from bovine brain 
[9]. 

Cross~ontamination of the P~B and P3 fractions was assessed using the fol- 
lowing enzyme markers: Adenylate cyclase (EC 4.6.1.1) incubations were per- 
formed in 50 mM Tris/maleate, pH 7.0, 0.25 mM ATP, 1 mM MgSO4, 20 mM 
creatine phosphate, 0.2 mg/ml creatine kinase (EC 2.7.3.2}, 0.1 mM papaverine- 
HCI. Cyclic AMP produced in the reaction was determined by radioimmuno- 
assay (Cyclic AMP Assay Kit, NEN Chemicals). NADPH-cytochrome c reductase 
(EC 1.6.2.4) was measured spectrophotometrically [10]. Protein concentra- 
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tions used were: adenylate cyclase, 0.1--0.3 mg/ml; NADPH-cytochrome c 
reductase, 0.1-O.4 mg/ml. 

Results 

Protein phosphorylation in subcellular fractions from whole cerebrum 
Various particulate subcellular fractions were labelled with 32p by incuba- 

tion in the presence of [7-32p]ATP and solubilized with sodium dodecyl 
sulphate. The separation of the 32P-labelled protein components  by polyacryl- 
amide gel electrophoresis is shown in Figs. 1 and 2. It is evident that both the 
P3 (Fig. lc) and the P2B (Fig. 2a) fractions contain a number of proteins which 
can be phosphorylated by means of endogenous protein kinase activity. The 
pattern of [32P]phosphoproteins was virtually identical in these two fractions 
and the phosphorylation of all 32p-labelled zones except that  migrating with the 
dye front (df) was stimulated by cyclic AMP. By comparison with the relative 
mobilities of reference proteins the following molecular weights for the major 
32p-labelled components  were obtained: (A) 230 000; (B) 180 000; (C) 
160 000; (D) 135 000; (G) 90 000; (H) 86 000; (I) 70 000; (J) 55 000; (K) 
50 000; (L) 47 000. An identical phosphorylation pattern was also obtained 
with synaptosomal plasma membranes prepared from intact synaptosomes by 
the method of Whittaker and Barker [11 ]. 

In contrast, the fractions, crude myelin and mitochondria, showed a much 
simpler pattern of phosphorylated proteins. In the case of myelin, the only 
distinct radioactive peak migrated with the dye front (df; Fig. la). This might 
represent the myelin basic proteins which have low molecular weights (approx. 
13 000 and 16 700 [12]) and which can be phosphorylated by the endogenous 
protein kinase of myelin membranes [13,14]. The mitochondrial fractions 
(Fig. lb)  contained in addition to the dye front two major phosphorylated 
zones (M and N, approximate molecular weights 39 000 and 34 000, respec- 
tively) together with a trace of 32P-labelled material corresponding in relative 
mobility to the phosphoproteins observed in the synaptosomal plasma mem- 
brane and P3 fractions. In neither the crude myelin nor the mitochondrial frac- 
tion was phosphorylation stimulated by cyclic AMP. 

The relatively low speed of centrifugation used to obtain the crude mito- 
chondrial fraction suggested the likelihood that the P3 fraction contained small 
synaptosomes and plasma membrane fragments and that these might contrib- 
ute the complex phosphorylation pattern of the 'crude microsomal'  fraction. 
This would be in agreement with the observation that cyclic AMP-stimulated 
protein kinase activity sediments in a 'heavy microsomal' fraction [15]. Using 
enzyme markers, we therefore assessed the contribution of plasma membrane 
to the P3 fraction, as well as that of microsomal membranes to our synapto- 
somal plasma membrane fraction. The results are presented in Table I. Fraction 
P2B (synaptosomal plasma membranes) showed a four fold enrichment of the 
plasma membrane component ,  adenylate cyclase [16], compared with the 
homogenate but was relatively low in the microsomal marker, NADPH- 
cytochrome c reductase [10]. The specific activity of the latter was only a 
quarter of that  in fraction P3. However, the P3 fraction was also enriched in 
adenylate cyclase compared with the homogenate.  These results indicate that 
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Fig. 1, I n c o r p o r a t i o n  o f  3 2 p  i n t o  p r o t e i n s  in  s u b c e U u l a r  f r a c t i o n s  f r o m  w h o l e  c e r e b r u m  b y  e n d o g e n o u s  
p r o t e i n  k ina se  a c t i v i t y .  A f t e r  i n c u b a t i o n  w i t h  [ ~ ' - 3 2 p ] A T P  t h e  s u b e e l l u l a r  f r a c t i o n s  we re  so lub i l i z ed  a n d  
s e p a r a t e d  b y  p o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s .  Gels  we re  s l iced i n t o  1 m m  s e c t i o n s  a n d  32 p r a d i o a c t i v -  
i t y  w a s  d e t e r m i n e d .  (a) P2 A ( c r u d e  m y e l i n ) ;  (b)  P2 C ( m i t o c h o n d r i a ) ;  (c) P3 ( c rude  m i c r o s o m e s ) ,  - . . . . .  , 
n o  cyc l i c  AMP;  , 1 0  p M  cyc l i c  AMP.  

Fig.  2. I n c o r p o r a t i o n  o f  3 2 p  i n t o  s y n a p t o s o m a l  p l a s m a  m e m b r a n e  f r a c t i o n  b y  e n d o g e n o u s  p r o t e i n  k inase  
ac t i v i t y .  I n c u b a t i o n  o f  the  m e m b r a n e s  was  p e r f o r m e d  in (a) 5 p M  [ ~ ' - 3 2 p ] A T P ,  1 m M  M g S O 4 ,  50  raM 
Tris-HC1, p H  7 .4  [ 9 ] ,  o r  (b)  5 p M  [ ~ ' - 3 2 p ] A T P ,  1 0  m M  M g S O 4 ,  50 m M  s o d i u m  a c e t a t e ,  p H  6 .0  [ 1 4 ] .  
. . . . . .  , n o  cyc l i c  AMP;  .... , 1 0 / z M  cyc l i c  AMP.  

our P3 fraction indeed contains a considerable amount of plasma membrane 
which could contribute to the complex phosphorylation pattern in that frac- 
tion. 

The complex pattern of substrates labelled by endogenous cyclic AMP- 
stimulated protein kinase activity in our synaptosomal plasma membrane frac- 
tion is in agreement with data obtained by other workers using similar condi- 
tions [17] but differs from the relatively simple pattern originally reported 
by Greengard's group [18] who found that cyclic AMP stimulated the phos- 
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T A B L E  I 

D I S T R I B U T I O N  OF A D E N Y L A T E  C Y C L A S E  A N D  N A D P H - C Y T O C H R O M E  c R E D U C T A S E  
B E T W E E N  F R A C T I O N S  P2B ( s y n a p t o s o m a l  p l a s m a  m e m b r a n e s )  A N D  P3 

The  e n z y m e s  were  d e t e r m i n e d  as descr ibed  in the  t ex t .  Re la t ive  specific ac t iv i ty  (RSA)  is def ined  as the  
ra t io  of  the  specific ac t iv i ty  in a given f rac t ion  to t h a t  of  the  h o m o g e n a t e .  Resul t s  are f r o m  a typ ica l  
e x p e r i m e n t .  

To ta l  
ac t iv i ty  
( n m o l / m i n )  

A d e n y l a t e  cyclase  N A D P H - e y t o c h r o m e  c r educ t a se  

Specific RSA To ta l  Specific 
ac t iv i ty  ac t iv i ty  ac t iv i ty  
(pro ol / ra in  ( t tm o l /min)  ( n m o l / r a i n  
pe r  m g  p ro t e in )  per  m g  p ro te in )  

RSA 

H o m o g e n a t e  137 195  1 6 .30  9.0 1 
P2B 7.1 898  4.6 0 .06  7.7 0 .85  
P3 44.3  528 2.7 2 .42  28.9 3.2 

phorylation of only two protein fractions. We therefore reexamined the phos- 
phorylation of synaptosomal plasma membranes under the incubation condi- 
tions used by the latter authors. A synaptosomal plasma membrane fraction 
from rat cerebrum was incubated with 5 pM [7-~2P]ATP for 20 s at 37°C in 
one of the following solutions: (a) 1 mM MgSO4, 50 mM Tris-HC1, pH 7.4 [9] 
or (b) 10 mM MgSO4, 50 mM sodium acetate, pH 6.0 [18]. After solubilization 
of the 32P-labelled membranes with sodium dodecyl sulphate electrophoresis 
was performed as previously described [9]. The results are presented in Fig. 2. 
In contrast to the complex pattern of stimulation by cyclic AMP shown in 
Fig. 2a, the stimulation of phosphorylation by cyclic AMP under the condi- 
tions of Ueda et al. [18] was largely restricted to fractions G, H, J and K 
(Fig. 2b). The approximate molecular weights of these fractions correspond 
roughly to those of protein I (G and H) and protein II (J and K) of Ueda et al. 
[18]. The lack of stimulation by cyclic AMP of the phosphorylation of the 
other fractions seems to be due to an increase in basal phosphorylation rather 
than to an inhibition of cyclic AMP-stimulated protein kinase activity. These 
results clearly demonstrate that the choice of incubation conditions can have a 
profound effect upon the apparent complexity of substrates for cyclic AMP- 
stimulated protein kinase activity in synaptosomal plasma membrane prepara- 
tions and suggests the presence of more than one type of protein phosphoryla- 
tion system having different sensitivities to changes in pH and Mg 2+ concentra- 
tion. However, this does not necessarily imply the presence of more than one 
membrane-bound protein kinase but could represent a modification of sub- 
strate conformation leading to an alteration of enzyme-substrate interaction 
and full expression of enzyme activity even in the absence of cyclic AMP. 
Alternatively, the balance between protein kinase and phosphoprotein phos- 
phatase activities might be changed such that the phosphatase becomes rate 
limiting and stimulation of protein kinase activity by cyclic AMP cannot lead 
to a net change in 32p incorporation [8,19,20]. Sufficient data are not avail- 
able at present to distinguish between these various possible explanations. 
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Distribution of phosphoproteins in synaptosomal plasma membranes from 
differen t brain regions 

The complexity of the cyclic AMP-stimulated phosphorylation system in 
synaptosomal plasma membrane fractions led us to consider whether the ob- 
served heterogeneity of phosphoproteins resulted from the presence of  a 
number of phosphorylated components at all synapses or if specific phospho- 
proteins might be associated with certain types of synapses. Specific phospho- 
proteins might, for instance, be associated with synapses characterised by the 
presence of  specific neurotransmitter receptors, by. proteins involved in the 
control of  specific ion fluxes, or by cell recognition proteins. Such a correla- 
tion with a certain type of synapse might be expected to be reflected in differ- 
ences in the regional distribution of  specific phosphoproteins in brain. How- 
ever, no differences were observed between the [32P]phosphoprotein patterns 
obtained with synaptosomal membrane fractions from cerebral cortex, corpus 
striatum and cerebellum. Further, quantitative evaluation of the incorporation 
of  32p into the individual protein zones showed no statistically significant 
differences either in the absence or presence of  cyclic AMP (Table II). It is 
therefore unlikely that any of the major phosphoproteins separated under 
our conditions are associated specifically with synapses characteristic of these 
brain regions. 

T A B L E  II  

I N C O R P O R A T I O N  O F  3 2 p  I N T O  T H E  M A J O R  P H O S P H O P R O T E I N  F R A C T I O N S  O F  S Y N A P T O S O -  

M A L  P L A S M A  M E M B R A N E S  F R O M  D I F F E R E N T  R E G I O N S  O F  R A T  B R A I N  

c p m  w e r e  m e a s u r e d  in the  sl ices o f  gel  c o n s t i t u t i n g  fract ions  ( A - - L )  a f ter  label l ing w i t h  or  w i t h o u t  1 0 / ~ M  
cyc l i c  A M P  (see  Figs. I and 2).  The  resul ts  are der ived f r o m  six d e t e r m i n a t i o n s  and are expres sed  as p m o l  
o f  3 2 p  i n c o r p o r a t e d / 2 0  s per  m g  o f  pro te in  t o g e t h e r  wi th  s tandard deviat ions .  

Frac t ion  Cycl ic  AM P Cerebral  c o r t e x  C e r e b e l l u m  Corpus  s tr ia tum 

A - -  5 . 9 ± 2 . 8  5 . 1 ± 1 . 5  7 . 4 ± 2 . 5  

+ 2 0 . 2 ± 3 . 4  1 8 . 2 ± 3 . 2  1 9 . 0 ± 1 . 6  

B - -  4 . 9 ± 1 . 2  4 . 3 ± 1 . 1  5 . 0 ± 0 . 9  

+ 1 0 . 1 ± 2 . 4  1 0 . 1 ± 1 . 9  1 0 . 8 ± 2 . 4  

C -- 4 . 2 ± 2 . 5  3 . 8 ± 2 . 4  3 . 8 ± 2 . 3  
+ 10.2±3.4 8.2±1.2 8.2±1.5 

D - -  3 . 0 ± 2 . 0  2 . 2 ± 2 . 0  2 . 1 ± 2 . 0  

+ 7 . 5 ± 2 . 5  6 . 9 ± 2 . 8  1 0 . 2 ± 3 . 0  

G - -  2 . 0 ± 1 . 8  0 . 5 ± 0 . 4  2 . 7 ± 1 . 7  

+ 7 . 0 ± 3 . 0  6 . 5 ± 1 . 9  6 . 8 ± 1 . 4  

H - -  4 . 2 ± 1 . 5  3 . 8 ± 1 . 6  3 . 8 ± 1 . 8  

+ 1 7 . 9 ± 3 . 2  1 7 . 9 ± 1 . 4  1 7 . 0 ± 1 . 5  

I - -  2 . 2 ± 1 . 4  2 . 9 ± 1 . 3  2 . 3 ± 0 . 9  

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

J - -  2 . 4 ± 1 . 9  2 . 4 ± 2 . 3  3 . 2 ± 1 . 9  

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

K -- 8.1±2.7 10.0±1.3 8.1±1.3 

+ 19.8±1.3 20.4±1.8 19.7±1.2 

L - -  3 . 9 ± 2 . 8  2 . 8 ± 1 . 9  4 . 0 ± 1 . 0  

+ 9 . 0 ± 2 . 0  9 . 9 ± 2 . 0  9 . 9 ± 1 . 8  
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Discussion 

The results reported in this paper clearly demonstrate the presence in 
synaptosomal plasma membrane preparations of  a number of  substrates for 
endogenous,  cyclic AMP-stimulated protein kinase activity. In our hands, 
excellent resolution of  ten major phosphoprotein fractions having approximate 
molecular weights of  47 000 and above was obtained. This compares very 
favourably with the resolut ion obtained by Dunkley et al. [17] using an auto- 
radiographic method to determine protein labelling. Direct comparison of the 
results obtained by different authors in this field are difficult due to differ- 
ences in methodology.  However, on the basis of  approximate molecular weights 
our fractions may be compared with' those of  other workers as summarised in 
Table III. In all cases cyclic AMP-stimulated phosphorylation of proteins corre- 
sponding to our fractions G, H, J and K were reported. Dunkley et al. [17] 
further obtained 32p-labelled phosphoproteins with characteristics similar to 
our proteins A--D and the dye front. The fraction designated 5 by those 
authors, which was not  affected by cyclic AMP, corresponds in approximate 
molecular weight to zones M and N of  our mitochondrial fraction and might 
therefore indicate the presence of  mitochondria in the synaptosomal plasma 
membranes used in their studies. 

A complex  distribution of  32P-labelled proteins was also observed in a P3 
(crude microsomal) fraction isolated from whole rat cerebrum. The phospho- 
protein pattern of  this fraction differed little from that of  a similar fraction 
from bovine cerebral cortex [9] and was identical to that of  the synaptosomal 
plasma membrane fraction. The presence of  a considerable amount  of  plasma 

T A B L E  III 

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

P H O S P H O R Y L A T I O N  R E P O R T E D  BY V A R I O U S  A U T H O R S  

Compar i sons  are based upon  approx imate  molecular  weights  and the sensit ivity o f  phosphory la t ion  to 
cycl ic  AMP. df,  d y e  front.  

Our des ignat ion A p p r o x i m a t e  D u n k l e y  et al. Ehrlich et al. Ueda et al. 
molecular  weight  [ 1 7 ]  [14 ]  [18 ]  
()<I0-3) 

A 230 
B 180~. 
C 160  " 
D 135  

G 9o} 
H 86 

I 70  
7 J 5 5 }  

K 5O 

L 47 

M 39 "l. 6 ) 
N 34 

d f  c 

D 

E 

F 

H 
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membrane in our fraction P3 suggests that the phosphorylation pattern in that 
fraction might be derived, at least in part, from plasma membrane-associated 
structures. This conclusion would be consistent wi th  a number of other ob- 
servations. Thus, cyclic AMP-stimulated protein kinase activity has also been 
shown to sediment in a 'heavy microsomal' fraction, probably consisting of 
small synaptosomes and plasma membranes [15]. In addition, synaptosomal 
and 'microsomal' cyclic AMP-stimulated protein kinase are similar in being 
both insoluble in Triton X-100 [21]. Further, a possible synaptic origin of the 
complex phosphorylation pattern is suggested by the absence of such a pattern 
in a similar P3 fraction from brain tissue lacking synapses [9]. The converse 
possibility, that some of the phosphoproteins in the synaptosomal plasma 
membane fraction were derived from microsomal contamination is unlikely on 
the basis of the distribution of NADPH-cytochrome c reductase. This micro- 
somal marker enzyme was enriched approximately four fold in fraction P3 com- 
pared to the synaptosomal plasma membrane fractions. Any phosphoproteins 
characteristic of microsomal membranes would therefore be enriched by a 
factor of four in fraction P3. However, no evidence was obtained for the enrich- 
ment of additional specific phosphoproteins in that fraction. It is therefore not 
possible to ascribe any of the phosphoproteins of the synaptosomal plasma 
membrane fraction to contamination by microsomal membranes. We have also 
shown in this paper that none of the major phosphoproteins of our synapto- 
somal plasma membrane fraction are derived from contamination with com- 
ponents of the mitochondrial or myelin fractions. It may therefore be reason- 
ably concluded that the complexity of substrates for membrane-bound, cyclic 
AMP-stimulated protein kinase activity is primarily associated with structures 
characteristic of the synaptosomal plasma membrane fraction. 

In a number of studies, attempts have been made to determine the localisa- 
tion of the cyclic AMP-stimulated protein phosphorylation system within the 
synaptosomal plasma membrane fraction. The main strategy has been to use 
detergents to solubilize the bulk of the synaptosomal plasma membrane leaving 
a residue containing predominantly synaptic complexes [22]. Thus it has been 
found that most of the cyclic AMP-stimulated protein kinase activity remains 
insoluble in Triton X-100 [21]. In addition, the analysis of 32P-labelled phos- 
phoproteins after extraction of phosphorylated membranes with various 
detergents has demonstrated that the main substrates for cyclic AMP-stim- 
ulated protein kinase activity are also concentrated in the fraction that is not 
solubilized by detergents [17]. It therefore seems likely that the cyclic AMP- 
stimulated phosphorylation systems of synaptosomal plasma membrane frac- 
tions is derived from synaptic complexes and, conversely, that this fraction 
contains a number of potential protein substrates. 

The presence of a number of substrates for synaptic cyclic AMP-stimulated 
protein kinase activity suggests that cyclic AMP could regulate a number of 
events at the synaptic junction through the phosphorylation of specific pro- 
teins. The nature of these proteins is unknown. Possible candidates would be 
proteins associated with neurotransmitter receptors, proteins controlling ion 
fluxes, membrane-bound enzymes, cell recognition proteins or proteins 
involved in maintaining synaptic structure. Evidence also exists that mem- 
brane-bound tubulin is phosphorylated, although the function of this protein 
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in the synapse is unknown [23]. The lack of any measurable difference in the 
phosphorylation of  specific proteins in various brain regions reported here 
suggests that, whatever the nature and function of these phosphoproteins, they 
are most probably general components of synaptic structures and are not 
associated only with synapses that might be characteristic of the regions 
studied (e.g. with dopaminergic synapses which occur in high concentrations 
in the corpus striatum). 
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