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Incubation with [y-32 P]ATP of Golgi vesicles, prepared from the mammary tissue of lactating rats, resulted 
in the phosphorylation of four of the proteins in the preparation which were resolvable by sodium dodecyl 
sulphate (SDS)-polyacrylamide gel electrophoresis. Three of these had electrophoretic properties identical to 
the three major caseins of rat milk: their phosphorylation was approximately linear with respect to time 
during the course of the short (1 rain) incubations analyzed. The fourth component (Mr,al~. 70000) behaved 
differently. It was very rapidly phosphorylated to a maximum level within 5 s at 0°C; its 32 P-content declined 
thereafter, with a tt/2 for dephosphorylation of approx. 20 s. The extent of 32p incorporation into this 
component, measured after incubation for 20 s at 0°C with [y-32 P]ATP, was sensitive to the concentration of 
Ca 2÷ in the incubation medium, being enhanced at low concentrations ( <  10 -s  M) of Ca 2÷ and depressed at 
high (10 -4 M) ones. Inclusion of ADP (100/tM) in such incubations also depressed 32p incorporation into 
the 70 kDa component. This phosphoprotein was further distinguished from the other three by virtue of the 
lability of its incorporated phosphorus to treatment with hot trichloroacetic acid. The properties and possible 
function of this phosphoprotein are discussed in relation to the ATP-dependent Ca 2 ÷ transport that occurs in 
this Golgi vesicle preparation. 

1. Introduction 

Although calcium transport across biological 
membranes is a wide-spread phenomenon, the most 
thoroughly investigated Ca2+-accumulation sys- 
tem remains that of the membranous vesicles of 
mammalian muscle sarcoplasmic reticulum [1]. 
Many of the details of the mechanism of Ca 2+- 
translocation first elucidated in this system have 
been shown to be applicable to other Ca 2+- 
transport systems: in particular, the reversible 
phosphorylaton of one or more enzyme protein 
components during Ca2+-translocation has been 
shown to be a common feature of most ATP-de- 
pendent ion transport systems [2-8]. 

During lactation, mammary tissue secretes large 
quantities of calcium into milk and evidence is 
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accumulating that the route of this calcium secre- 
tion is via the Golgi apparatus of the secretory 
cells [9]. We have previously characterised some 
aspects of the ATP-dependent accumulation of 
Ca 2+ by a Golgi vesicle preparation isolated from 
the lactating rat mammary gland [10], but in an 
earlier study of the ATP-dependent phosphoryla- 
tion of proteins present in this Golgi vesicle pre- 
paration we were unable to detect the presence of 
any transiently-phosphorylated protomers [ 11 ]. By 
analogy with the sarcoplasmic reticulum and other 
Ca2+-transporting systems such unstable phos- 
phoprotein components would be expected to be 
part of the C a  2 +- t r an s l O ca t i n g  enzyme system. We 
have therefore further investigated the ATP-de- 
pendent auto-phosphorylation of the proteins of 
the Golgi vesicle preparation, and in this corn- 



munication report the presence of a transiently- 
phosphorylated protein component the phosphory- 
lation of which is dependent on the concentration 
of Ca 2+ in the medium. However, unlike the en- 
zyme-phosphate intermediate of the sarcoplasmic 
reticulum Ca2+-ATPase, the transiently-phos- 
phorylated component of the Golgi membranes is 
maximally phosphorylated in the absence of Ca 2 +. 

2. Mater ia l s  and M e t h o d s  

Golgi vesicles, prepared by a slight modifica- 
tion of the method of Kuhn and White [12], were 
incubated at 0°C in a total volume of 100 #1 in 
100 mM 2-(N-Morpholino)ethanesulphonic acid 
(Mes)-Tris, pH 6.8, containing 6 / t M  [3,-32p]ATP 
(9.4.10 6 cpm/nmol).  The reaction was initiated 
by the addition of Golgi vesicles (final concn. 
approx. 1 mg protein/ml), and terminated by the 
addition of 500 ttl 10% (w/v) ice-cold trichloro- 
acetic acid containing 20 mM sodium phosphate 
and 1 mM ATP. The precipitated protein was 
recovered by centrifugation and washed once, by 
resuspension in the same trichloroacetic acid solu- 
tion followed by re-sedimentation. The resulting 
pellets were either washed a further three times as 
above and subjected directly to scintillation count- 
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Fig. 1. Time-course of phosphorylation of Golgi vesicles in the 
presence of [ y- 32 P]ATP. Conditions for incubation and precipi- 
tation with tricbloroacetic acid were as described in the text. 
The result shown is of one experiment, representative of four 
that have been done. Total 32p incorporation after 60 s was 8.3 
pmol per mg protein. 
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ing for the determination of 32p-radioactivity or 
disaggregated and analysed by SDS-polyacryla- 
mide gel electrophoresis as described by Clegg and 
Skyrme [13], using 80 × 80 mm slab gels. Dried 
polyacrylamide gel slabs were autoradiographed 
onto 3M-R2 medical X-ray film. Densitometric 
scans were obtained by using the scanning acces- 
sory of a Gilford 250 spectrophotometer. 

Caseins were isolated from rat milk as described 
by Rosen et al. [14]. 
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Fig. 2. Identification, by SDS-polyacrylamide gel electrophore- 
sis, of Golgi vesicle proteins phosphorylated in the presence of 
['y-32p]ATP. Densitometric scans are shown above. (a) Autora- 
diograrn exposed from a gel electrophoresis separation of Golgi 
vesicles phosphorylated, as described in the text, for 20 s; (b) 
Coomassie blue-stained gel separation of the same material; (c) 
Coomassie blue-stained separation of a mixture of the three 
major caseins isolated from rat milk. 
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3.  R e s u l t s  a n d  D i s c u s s i o n  

Fig. 1 shows the kinetics of incorporation of 
radioactivity from [y-32p]ATP into trichloroacetic 
acid-insoluble material during incubation of the 
Golgi vesicle preparation at 0°C. Two distinct 
phases of phosphorylation were evident: during 
the first, a plateau of incorporation was rapidly 
reached (within the first 10 s of incubation) and 
was maintained over about 45 s. This is similar to 
the behaviour of sarcoplasmic reticulum vesicles 
incubated under comparable conditions [15]. The 
second phase began after 45 s when a slow increase 
in phosphorylation became evident. 

To characterize further the phosphorylated pro- 
tein components, trichloroacetic acid-insoluble 
material was recovered by centrifugation after 20 s 
of incubation (as in Fig. l) and subjected to SDS- 
polyacrylamide gel electrophoresis followed by au- 
toradiography. The result of such an experiment is 
shown in Fig. 2a. For reference purpose densito- 
metric profiles of co-electrophoresed Golgi vesicles 
and isolated rat caseins (both Coomassie blue- 
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Fig. 3. Phosphorylation of Golgi vesicles in the presence of 
[y-32p]ATP: Kinetics of phosphorylation of individual phos- 
phoproteins. Conditions of incubation and methods for the 
quantification of components 1, 2, 3 and 4 were as described in 
the text. Components 1, 2, 3 and 4 are identified in Fig. 2. 

stained) are shown in Figs. 2b and 2c, respectively. 
Four distinct bands of 32 P-labelled protein (1-4 in 
Fig. 2a) can be distinguished in the autoradiogram 
with apparent molecular weights of 70000, 42000, 
27000 and 23000, respectively. The kinetics of 
32p-incorporation into the individual phosphory- 
lated components were determined by SDS-gel 
electrophoresis, autoradiography and quantitative 
densitometry of samples removed after various 
times of incubation between 0 and 60 s. In this 
quantitative analysis, the resolution between phos- 
phoproteins 3 and 4 was incomplete and they were 
therefore treated as a single component. Phos- 
phoproteins 2 and 3 + 4 showed a relatively slow 
and progressive increase in phosphorylation over 
this time-course (Fig. 3). The increase in 32p-incor- 
poration observed after 30 s in Fig. 1 and which we 
have previously reported to continue over a 10 min 
period [11] was evidently due to phosphorylation 
of these three proteins. We here propose a tenta- 
tive identification of these with the three major 
caseins of rat milk on the basis of their similar 
mobilities to those of rat caseins electrophoresed 
in a parallel track on the same gel slab (Figs 2a 
and 2c). 

In contrast to the kinetic behaviour of phos- 
phoproteins 2 and 3 + 4, the maximum detected 
phosphorylation of protein 1 occurred at the 
earliest time of sampling (5 s) and thereafter rapidly 
declined (see Fig. 3). The results presented in Fig. 1 
are thus a composite of the phosphorylation be- 
haviour of the four phosphoproteins (1-4) re- 
vealed by the type of analysis shown in Fig. 3. 

The kinetic properties of phosphoprotein 1 sug- 
gested that it could be a phospho-enzyme inter- 
mediate in a process dependent on the hydrolysis 
of ATP. We have previously shown that this pre- 
paration contains an ATP-dependent Ca 2÷- 
translocating system [10]. In order to determine 
whether phosphoprotein 1 was an intermediate in 
this particular process we investigated both the 
chemical stability of the protein phosphate bond 
and the influence of Ca 2÷ , Mg 2+ and ADP on the 
phosphorylation process. 

Stability of protein phosphate 
Golgi membrane samples collected after 5 s in- 

cubation with [Y-32p]ATP contained phos- 
phoprotein 1 as the predominant 32p-phosphory- 
lated component (Fig. 1); such samples were 
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TABLE I 

STABILITY OF PROTEIN PHOSPHATE BOND IN PHOSPHOPROTEIN i 

Golgi membranes were incubated with [ 7-32 P]ATP as described in Materials and Methods and the reaction terminated after 5 s by the 
addition of ice-cold 10% trichloroacetic acid. The resultant precipitates were collected by centrifugation and resuspended under the 
conditions indicated above. Treatment with freshly prepared hydroxylamine was performed in 0.1 M sodium acetate buffer, pH 5.4 
[17]. At the end of the incubation period specified, protein was again recovered by precipitation with trichioroacetic acid and the 
protein precipitate processed as described in the text for the quantitation of 32p in phosphoprotein 1. The values given are the results 
of typical experiments, n.d., not detectable. 

Treatment 

°C Time 

Relative 32p content phosphoprotein 1 

10% trichloroacetic acid 0 60 min 100% (control) 
10% trichloroacetic acid 100 12 rain n.d. 
0.1 M NaOH 100 10 rain n.d. 
0.8 M hydroxylamine 37 30 min 72% 
0.8 M bydroxylamine 37 60 rain 58% 
0.8 M hydroxylamine 37 16 h 51% 
0.8 M hydroxylamine, 3% SDS 37 30 min 30% 

treated in a number of ways as summarized in 
Table I. The 32p radioactivity was completely re- 
moved when the sample was heated at 100°C for 
10 min in the presence of 0.1 M NaOH. Phos- 
photyrosine [16], phosphohistidine [17] and phos- 
pholysine [17] residues are stable under these con- 
ditions. The Golgi phosphoprotein 1 was stable to 
10% trichloroacetic acid in the cold but was 
quantitatively dephosphorylated within 12 min in 
10% trichloroacetic acid when the temperature was 
raised to 100°C. These properties are inconsistent 
with the presence of phosphoserine or phospho- 
threonine residues but suggest that the phosphate 
may be present as an acyl phosphate (phosphoas- 
partate or phosphoglutamate) [17]. However, the 
Golgi phosphoprotein 1 lost less than 30% of its 
[ 32 P]phosphate content when treated with hydrox- 
ylamine under conditions which are reported [18] 
to cause the complete dephosphorylation of 
authentic acyl phosphates. Dephosphorylation by 
hydroxylamine was increased to 70% if the acid- 
precipitated Golgi membranes were first treated 
with 3% sodium dodecyl sulphate prior to incuba- 
tion, in order to facilitate accessibility of the phos- 
phoprotein to hydroxylamine. 

Therefore the identity of the phosphorylated 
residues in phosphoprotein l remains questiona- 
ble: their reactivity towards hydrolyzing agents is 

different from that of the acyl phospho-enzyme 
intermediates in other well characterized systems 
such as the Ca 2+-ATPase of sarcoplasmic reticu- 
lum. 

Influence of M g  2+ , C a  2+ and ADP 
As can be seen from the results presented in 

Table II the inclusion of Ca 2+ , Mg 2+ or ADP in 
the standard incubation resulted in a decrease in 
the amount of 32p incorporated into phos- 
phoprotein 1 relative to control incubations with 
['y-32p]ATP alone. The decrease in phosphoryla- 
tion which resulted when Ca 2+ was included was 
opposite to that expected by analogy with the 
sarcoplasmic reticulum ATPase but was entirely 
consistent with the 3.5-fold increase in phosphory- 
lation that was observed when the endogenous 
Ca 2+ concentration was reduced to less than 
10 -8 M by the inclusion of EGTA. 

The inclusion of ADP reduced the ~P incor- 
poration into phosphoprotein 1 to less than 25% of 
control values, an effect similar to that observed 
when ADP was added tot the [32p]phospho-en- 
zyme of sarcoplasmic reticulum vesicles [19] sug- 
gesting that the phosphoprotein could transfer its 
phosphorus to ADP. It was therefore surprising 
that when an ATP-regenerating system was in- 
cluded in the incubation to prevent accumulation 
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of ADP, no 32p incorporation into phosphoprotein 
1 could be detected at the 20s time point. A 
possible explanation of this result is apparent when 
the effects of Mg 2+ , added as a necessary compo- 
nent of the ATP-regenerating system, are consid- 
ered. Since 1 mM Mg 2÷ markedly reduced 32p 
incorporation (Table II), the 2 mM Mg 2÷ added 
with the phosphoenolpyruvate-pyruvate kinase 
system would be expected to have had an equal or 
greater effect. However this level of Mg 2+ would 
also have maximally stimulated the hydrolysis of 
ATP by the active ATPases known to be present 
in the mammary Golgi preparation [20,21] leading 
to a rapid decline in the specific radioactivity of 
the [y-32p]ATP added. These two effects thus 
combined to counteract the influence on compo- 
nent 1 phosphorylation of the removal of ADP 
from the system. 

The results obtained in the presence of Ca 2+ , 
Mg 2+ and ADP also account for our inability to 
detect phosphoprotein 1 in earlier phosphorylation 
experiments [11]. In those experiments we had set 
out to study the phosphorylation of Golgi vesicle 
protein under the same conditions as were used for 
Ca 2÷ uptake studies [10] and the media contained 
both Ca 2+ (125/~M) and Mg 2+ (5 mM). 

Influence of calmodulin 
The effect of Ca 2÷ on phosphoprotein 1, ob- 

served in the present study, was the converse of its 
effect on the sarcoplasmic reticulum ATPase where 
the high affinity Ca 2÷ -binding sites of the enzyme 
require to be saturated in order that maximal 
phosphorylation by ATP (i.e., phospho-enzyme 
formation) can occur [2]. Thus, in sarcoplasmic 
reticulum vesicles, addition of EGTA before ATP 
prevented phospho-enzyme formation, and its ad- 
dition after phospho-enzyme formation caused 
rapid dephosphorylation [2]. The opposite is true 
of the Golgi preparation since the greatest en- 
hancement of 32p  incorporation occurred when 
EGTA was present prior to ATP addition. Al- 
though the addition of EGTA reduces the Ca 2+ 
concentration of the incubation medium, its pres- 
ence also results in the dissociation from the Golgi 
membranes of the Ca 2÷ -binding protein, calmod- 
ulin, which we have shown to be associated with 
this Golgi preparation [22]. The precise role of 
calmodulin in the Ca2+-sensitive phosphoryla- 

TABLE II 

F O R M A T I O N  OF PHOSPHOPROTEIN 1 IN GOLGI  
VESICLES: I N F L U E N C E  OF VESICLE P R E T R E A T M E N T  
A N D  P H O S P H O R Y L A T I O N  CONDITIONS 

Golgi vesicles were prepared either as described in the text 
( 'non EGTA-washed vesicles') or with the addition of an in- 
cubation for l h at 0°C in buffer containing 250 mM lactose, 
50 mM Na-Mes, l0 m M  EGTA, pH 7.0, followed by re-isola- 
tion of the vesicles, washing three times, and resuspension as 
usual ( 'EGTA-washed vesicles'). Both preparations were in- 
cubated for 20 s under the phosphorylating conditions de- 
scribed in the text ( 's tandard incubation') or modified as indi- 
cated above. Phosphorylation was terminated by the addition 
of ice-cold trichloroacetic acid and the protein precipitate 
processed, as described in the legend to Table I. The values 
given are averages of three experiments. The mean 100% values 
were, for non-EGTA-washed vesicles: 6.2 pmol 32p /mg  Golgi 
vesicle protein, and for EGTA-washed vesicles: 5.1 pmol 
32p /mg  Golgi vesicle protein, n.t., not tested. 

Additions 
to standard 
incubation 

Relative 32 P-incorporation 
into phosphoprotein 1 (%) 

EGTA-washed 
vesicles 

non- 
EGTA-washed 
vesicles 

None  100 100 
Ca 2+ (100/~M) 64 61 
Mg 2+ (100 #M)  37 n.t. 
EGTA (2 raM) 226 348 
A D P  (100 t~M) n.t. 24 

t ion/dephosphorylat ion of phosphoprotein 1 is 
undefined at present but it is clear from the results 
shown in Table II that it does affect this process. 

Calmodulin was removed from the preparation 
by washing the vesicles with isoosmotic buffer 
containing EGTA [22] and the 32p incorporation 
into these membranes compared with the 32p  in- 
corporation into non-washed vesicles when each 
was incubated with [y-aEp]ATP. The addition of 
EGTA to the incubations resulted in an enhanced 
phosphorylation of phosphoprotein 1 in both 
washed and non-washed membranes in compari- 
son with the standard incubation (Table II). The 
degree of enhancement was however, greater in the 
non-washed vesicles (i.e., in the presence of endog- 
enous calmodulin). The reduction in phosphoryla- 
tion of phosphoprotein 1 that was observed when 
e x c e s s  Ca 2÷ was added to the incubations was, in 



contrast, not dependent on the presence of 
calmodulin since 32p incorporation was reduced to 
around 60% of control values in both washed and 
non-washed membranes. This was not an un- 
expected result since those Ca 2÷ -dependent effects 
that are mediated by calmodulin are generally 
expressed at Ca 2+ concentrations in the micro- 
molar range [23]. 

At present we can conclude only that the pres- 
ence of Ca :+ in the incubation medium reduced 
the phosphorylation of component 1 but our ob- 
servations do not indicate whether this, or indeed 
any of the experimentally-induced modulations in 
component I phosphorylation, were due to a 
change in the rate of the phosphorylation or of the 
dephosphorylation reaction. 

The results presented in this communication 
indicate that in complete contrast to the sarcop- 
lasmic reticulum ATPase the presence of Ca 2÷ is 
not a prerequisite for the phosphorylation of com- 
ponent 1 in the Golgi vesicle preparation. 

The following mechanism could provide an ex- 
planation for the findings reported here: 

Ca2+/Mg 2+ 
E + A T P ~ A D P + E - P  ---, E+P~ 

This mechanism is consistent with the observation 
that E - P  formation does not require the presence 
of divalent metal ions but such ions are required 
for its further breakdown. This property does not 
preclude the involvement of this ATPase in the 
Ca2+-transport system of the Golgi membrane 
although if component 1 is an intermediate in this 
transport process the mechanism must differ in 
considerable detail from that elucidated for the 
sarcoplasmic reticulum Ca 2+ -ATPase. 
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