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1. Introduction 

The rate of fatty acid synthesis in mammals and 
birds is rapidly depressed by hormones which raise 
the concentration of cyclic AMP in target cells, i.e., 
adrenaline in adipose tissue [ 1 ] or glucagon in the 
liver [Z-4]. This decrease correlates with a decrease 
in the activity of acetyl-CoA carboxylase measured in 
a freshly-prepared extract [4-91. However there has 
been some controversy as to the mechanism by 
which an increase in cyclic AMP concentration leads 
to a decrease in the activity of acetyl-CoA carboxyl- 
ase. This decrease in activity may be the result of a 
decrease in the cytosolic concentration of the 
allosteric activator, citrate [3]. According to this 
hypothesis, the decrease in the rate of fatty acid 
synthesis is secondary to the decrease in the rate of 
glycolysis produced by inhibition of phosphofructo- 
kinase [lo]. An alternative hypothe~s is that cyclic 
AMP brings about a direct inactivation of acetyl-CoA 
carboxylase through a phosphorylation mechanism. 
The phosphorylation of acetyl-CoA carboxylase in 
intact cells was first demonstrated in [ If.] and it has 
been found that the phosphorylation of the enzyme 
is increased by adrenaline in fat cells [S ,7] or glucagon 
in hepatocytes [9]. In [ 121 it was reported that puri- 
tied rabbit mamma gland acetyl-CoA carboxylase 
could be phosphorylated in vitro by cyclic AMP- 
dependent protein kinase and at least one cyclic 
UP-independent protein kinase. In [ 131 it was 
shown that phosphorylation of rat mammary acetyl- 
CoA carboxylase by cyclic AMP-dependent protein 

*To whom correspondence should be addressed 

ElsevierjNorth-HolIand Biomedical Press 

kinase results in an inactivation of acetyl_CoA car- 
boxylase which can be reversed on dephosphoryla- 
tion. The activity of acetylCoA carboxylase corre- 
lates with the phospho~lation of a site located in a 
neutral tryptic peptide [ 131. We now report that an 
apparently identical site is phosphorylated in intact 
rat fat cells treated with adrenaline. The techniques 
of ~munoprecipitation and isoelectric focussing 
which we have used to compare sites phosphorylated 
in intact cells and in vitro should be of general appli- 
cation to studies of other proteins that are regulated 
by multiple covalent modification. 

2. Materials and methods 

Acetyl-CoA carboxylase was purified from lactating 
rat mammary gland and phosphorylated using [FLOP] - 
ATP and the catalytic subunit of skeletal muscle 
cyclic AMP-dependent protein kinase as in [ 131. The 
preparation of fat cells, incubation with [32P]phos- 
phate, and preparation of acetyl-CoA carboxylase by 
~munopre~pitation have been described [5]. To 
remove contaminating phospholipids, the immuno- 
precipitates were suspended in 0.2 ml 10% (w/v) 
trichloroacetic acid and extracted with 0.8 ml chloro- 
form~meth~ol(2: 1, v/v). T~c~oroacetic acid-insol- 
uble pellets of acetyl-CoA carboxylase phosphoryl- 
ated in vitro, or washed immunoprecipitates from 
intact cell experiments, were oxidised with performic 
acid, digested with trypsin, and analysed by isoelectric 
focussing as in [ 133. The results were quantitated by 
densitometry of autoradiograms using a densitometer 
attachment on a Pye-Unicam SP8-100 spectrophoto- 
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meter. 32P-~belled tryptic peptides were also analysed 
by two-dimensional peptide mapping on thin layers 
(Kodak Eastman Chromagram 13255 cellulose) using 
electrophoresis in pyridinejacetic acid/water (1: 10: 
189; pII 3.6) as the first dimension, and chromato- 
graphy in butanol/pyridine/acetic acid/water (15 : 10: 
3: 12) as the second dimension. Quantitative data are 
presented as mean f standard error of the mean, with 
the number of experiments (each performed on 
separate batches of fat cells) in brackets. All effects 
of adrenaline quoted were statistically significant 
(p <0.02). 

3. Results 

Isolated fat cells were incubated for 60 min at 
37’C in medium containing [32P]phosphate, by 
which time the labelling of acetyl-CoA carboxylase 
and other cytosolic phosphoproteins has reached a 
steady state [ 111, Adrenaline (1 @I) was then added 
to some of the incubations and after a further 15 min 
the cells were homogenised and acetyl-CoA carboxyl- 
ase was prepared by i~~oprecipi~tion. As reported 
in [5], adrenaline increases the amount of 32P-radio- 
activity associated with acetyl-CoA carboxylase 
in intact fat cells. Here, adren~ne increased the 
amount of radioactivity associated with the immu- 
noprecipitates by 181 * 40% (5). This is somewhat 
larger than the effect reported previously, where 
the 32P content of acetyl-CoA carboxylase was esti- 
mated by densitometry of autoradiograms of soluble 
proteins separated by SDS-polyacrylamide gel 
electrophoresis [5]. The nature and number of the 
sites phospho~lated was investi~ted by thin-layer 
isoelectric focussing of tryptic peptides prepared 
from the immunoprecipitates. In control cells (fig.lB) 
acetyl-CoA carboxylase was phosphorylated predom- 
inantly in two sites located in tryptic peptides of 
isoelectric point (PI) -7 and -4.3. In adrenaline- 
treated cells (fig.lC) there was a large increase in the 
labelling of the pI7 peptide, and there was also 
increased labelling of several acidic peptides which 
were scarcely detectable in control cells, The increase 
in the radioactivity associated with the ~17 peptide 
was 544 f 111% (5). The labelling of the ~14.3 pep- 
tide was not si~i~cantly affected by adrenaline. 

The sites phosphorylated in adrenaline-treated fat 
cells were compared with the sites phosphorylated on 
purified rat mammary acetyl-CoA carboxylase by 
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Fig.1. Autora~o~am of tryptic peptides of 3zP-labelled 
acetylCoA carboxylase analysed by polyacrylamide thin- 
layer isoelectric focussing. The pH gradient was determined 
using a surface electrode on completion of isoelectric focuss- 
ing and should be regarded as an approximate guide only. 
(A) Purified rat mammary acetyl-CoA carboxylase phospho- 
rylated to 1.2 phosphate molecules/subunit using skeletal 
muscle cyclic AMP-dependent protein kinase; (B) acetyl- 
CoA carboxylase from rat fat cells treated without hormone; 
(C) acetyl-CoA carboxylase from rat fat cells treated for 15 
min with adrenaline;(D) as (C); extract incubated for 30 min 
with MgCl, (5 mM) at 37’C prior to isolation of acetyl-CoA 
carboxylase. AcetylCoA carboxylase from rat fat cells was 
isolated by immunoprecipitation in all cases. 
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cyclic AMP-dependent protein kinase (fig.lA). The 

pI7 tryptic peptide containing the major phosphoryl- 
ation site which is increased 5-6-fold by adrenaline 
comigrated exactly with a tryptic peptide containing 

the major phosphorylation site for cyclic AMP-depen- 
dent protein kinase. These peptides also comigrated 

on thin-layer chromatography and on thin-layer elec- 
trophoresis at pH 3.6 with RF values of 0.63 (relative 
to the solvent front) and 0.54 (relative to lysine), 

respectively. Several of the other sites which were 
labelled to a greater extent in adrenaline-treated cells 
also corresponded to minor sites phosphorylated 
in vitro by cyclic AMP-dependent protein kinase 
(fig.1). The ~14.3 peptide which did not show 

increased labelling in adrenaline-treated cells did not 
correspond to any sites labelled in vitro. 

In [2] it was shown that the decrease in the activ- 

ity of acetyl-CoA carboxylase produced by adrenaline 
treatment of fat cells could be completely reversed by 

incubation of the extract with divalent metal ions. 
This treatment would be expected to favour dephos- 
phorylation by endogenous phosphatases, and indeed 
there was a decrease in the 32P-radioactivity associ- 
ated with acetyl-CoA carboxylase as judged by SDS- 
polyacrylamide gel electrophoresis [2]. Since it had 
already been shown that the activity of purified rat 
mammary acetyl-CoA carboxylase correlated with the 

state of phosphorylation of the site located in the 
pI7 peptide [ 131, we anticipated that the treatment 

of the fat cell extracts with Mg2+ would lead to 
dephosphorylation of the pI7 peptide in the fat cell 
acetyl-CoA carboxylase. This prediction was con- 
firmed by isoelectric focussing (fig.lD). The 32P- 
radioactivity associated with the immunoprecipitate 
was decreased by 85% and the labelling of the pI 7 
peptide was reduced by 87%. 

4. Discussion 

These results confirm the hypothesis that the 
inhibition of fatty acid synthesis by adrenaline 
involves the phosphorylation of acetyl-CoA carboxyl- 
ase by cyclic AMPdependent protein kinase. Four 
criteria have been listed which should be met before 
an effect mediated by cyclic AMP can be said to 
occur through phosphorylation of a protein [ 141. 
These criteria have now been met for the effect of 
adrenaline on acetyl-CoA carboxylase in adipose 
tissue : 

(1) Purified acetyl-CoA carboxylase is phosphoryl- 
ated at a rate sufficient to account for the speed 

at which inhibition of fatty acid synthesis occurs 
in intact cells [12,13]; 

(2) The activity of purified acetyl-CoA carboxylase 
undergoes a reversible alteration by phosphoryla- 

tion and dephosphorylation, catalysed by cyclic 
AMPdependent protein kinase and protein phos- 

phatase-1 [ 131; 
(3) A reversible change in the activity of acetylCoA 

carboxylase occurs in intact fat cells in response 
to adrenaline [5-71, which is known to increase 

cyclic AMP concentrations in adipose tissue [ 151; 
(4) Phosphorylation of acetyl-CoA carboxylase 

occurs in intact fat cells in response to adrenaline 
at a site apparently identical to that phosphoryl- 
ated by cyclic AMP-dependent protein kinase 
in vitro [this work]. 

The identity of these sites is indicated by the fact 

that the tryptic peptides containing them corn&rate 
in 3 different analytical systems which separate 

according to isoelectric point, charge at pH 3.6, and 
polarity. The only other systems where the role of 
protein phosphorylation has been so rigorously 

demonstrated are the activation of phosphorylase 
kinase by adrenaline in rabbit skeletal muscle [ 161, 

the inactivation of pyruvate kinase by glucagon in 
rat liver [ 171, and the activation of pyruvate dehy- 

drogenase by insulin in adipose tissue [ 181. 
The correlation between the phosphorylation of 

the site located in the pI 7 tryptic peptide and the 

activity of acetyl-CoA carboxylase which was estab- 
lished in vitro [ 131 also holds in the present study of 
intact cells. Adrenaline causes a 5-6-fold increase in 
[32P]phosphate content at this site [this work] and 
this is associated with a 60% decrease in enzyme 
activity measured at 1 mM citrate [5]. Incubation of 
extracts from adrenaline-treated cells with divalent 
cations causes an 87% reduction in 32P-radioactivity 
at this site [this work] and this is associated with an 
almost complete reactivation of the enzyme activity 
to control values [5]. Unfortunately we do not have 
an accurate estimate of the stoichiometry of phos- 
phorylation at this site after adrenaline treatment of 
fat pads. However the effect of phosphorylation in 
intact fat pads treated with adrenaline and stoi- 
chiometric phosphorylation in vitro by cyclic AMP- 
dependent protein kinase on the kinetic proper- 
ties of the enzyme are almost identical. In each case 
there is a 1.5-2-fold decrease in V,, and a 1.5-2- 
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fold increase in the Ke.s for citrate [5,13]. References 
The finding that acetyl-CoA carboxylase is phos- 

phorylated at multiple sites in intact cells is not 
unexpected, because the enzyme purified from rat 

liver and rat mammary gland has been reported to 

contain from 2-6 phosphate molecules/subunit 
[ 13,19,20]. While we cannot be certain that each 

labelled peptide represents a unique site of phospho- 
rylation, the pattern of labelled peptides does not 

change if the time of tryptic digestion is varied 
from OS-6 h (not shown). Although the large num- 
ber of sites phosphorylated on the purified mammary 
gland acetyl-CoA carboxylase may appear to demon- 

strate a lack of specificity in the proton kinase reac- 
tion, it is worth noting that there are around 250 
serine and threonine residues in the enzyme which 
could be phosphorylated [19,21]. In addition, many 
of the minor phosphorylated peptides comigrate with 
peptides phosphorylated in adrenaline-treated fat 
cells (fig.1). Acetyl-CoA carboxylase from rat adipose 
tissue and mammary gland have closely related mole- 
cular weights [ 11 ,13,20]. The marked similarities in 
the patterns of labelled peptides in fig.lA and 1C 
further suggest that the primary structures of the two 
enzymes are closely related, if not identical. 
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On the basis of these findings, we propose that the 
inactivation of acetyl-CoA carboxylase produced by 
glucagon treatment of rat hepatocytes [4,9] is also 
the result of phosphorylation by cyclic AMP-depen- 
dent protein kinase. Application of the techniques 
described in this paper should resolve this question. 
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