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1. Introduction

Exposure of rat epididymal adipose tissue or fat
cells to insulin for a few minutes results in a marked
increase in the activity of acetyl CoA carboxylase
assayed immediately upon extraction in the absence
of added citrate [1—4]. In contrast, treatment of tis-
sue or cells with adrenaline leads to a marked decrease
in this initial activity [2—5]. The effects of adrenaline
are probably brought about by increased phosphory-
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dependent protein kinase. Acetyl CoA carboxylase
from a number of sources has been shown to become
less active following phosphorylation by cyclic AMP-
dependent protein kinase [3,6—7] while significant
increases in the overall level of phosphorylation have
been observed under conditions where cellular cyclic
AMP levels are raised in both fat and liver celis [3,5,8].
Other studies have indicated that acetyl CoA carboxyl-

ase is phosphorylated at multiple sites both with puri-
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fied preparations [4,6,9,10] and within intact fat cel]s
[11]. Analysis of tryptic phosphopeptides has indicated
that adrenaline brings about the phosphorylation
within fat cells of sites on acetyl CoA carboxylase
which correspond closely with those phosphorylated
on purified mammary gland enzyme with cyclic AMP-
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The activating effects of insulin are not simply the
converse of the inhibitory actions of adrenaline {3].
In particular, adrenaline results in a decrease in the
activity of the enzyme even after incubation of cell
extracts with citrate to induce maximum polymeri-
sation of the enzyme [3,5] whereas the effects of
insulin are no longer apvarent after incubation with
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citrate [2 3] Recent studies in which tryptic phospho-
peptide aumy sis has been carried out suggest that
insulin causes the increased phosphorylation of a site
different from those phosphorylated by cyclic AMP-
dependent protein kinase (R. W. B., unpublished) this
is in accord with the observation that insulin treat-
ment leads to a small increase in overall phosphoryla-
tion of acetyl CoA carboxylase [3]. We therefore have
begun to explore the hypothesis [3] that a cyclic
AMP-independent protein kinase in fat cells may bring
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CoA carboxylase. This paper reports the finding of
such a kinase associated with the plasma membranes
of fat cells.

2. Materials and methods

2.1. Materials

[v-32P] ATP was obtained from NEN, 6072 Dreieich
and protease inhibitors from the Peptide Research
Institute, Osaka. Monospecific antiserum to acetyl
CoA carboxylase was prepared as in [12] partially-
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protein inhibitor of cyclic AMP-dependent protein
kinase as in [14]. Plasma membranes were freshly
prepared each day using the Percoll procedure [15]
and suspended in buffer (pH 7.4) containing KCI
(150 mM), Tris (10 mM), MOPS (20 mM) and EGTA
(1 mM).

2.2. Preparations of acetyl CoA carboxylase

Rat epididymal fat pads were incubated for 30 min
in the absence of hormones {5] and extracted in medium
(pH 7.4) containing sucrose (0.25 M) Tris (20 mM),
EGTA (2 mM) and reduced glutathione (7.5 mM). A
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high speed supernatant was prepared by centrifugation
at 30 000 X g for 30 min at 4°C and acetyl CoA car-
boxylase precipitated with 35% saturated ammonium
sulphate. After dialysis against two changes of buffer
(as for membrane resuspension), the preparation was
stored at —20°C for up to 4 days and then centrifuged
at 10 000 X g for 1 min just prior to use. The specific
activity of all the preparations used was 50—-100
munits/mg protein, where 1 unit enzyme transforms
1 pmol substrate/min at 37°C.

In some experiments more purified preparations
were used. These were prepared as above, then centri-
fuged at 100 000 X g for 10 min at 20°C (Beckman
Airfuge). After incubation for 30 min at 30°C in the
presence of sodium citrate (20 mM), the supernatant
was again centrifuged (160 000 X g for 20 min at
20°C; Beckman Airfuge) to precipitate the polymerised
acetyl CoA carboxylase. The pellet was resuspended
in and dialysed against buffer to remove citrate. The
specific activity of these preparations was 500—1000
munits/mg protein.

Protein determinations were carried out according
to [16] with bovine albumin as standard.

2.3. Incubation of acetyl CoA carboxylase before
assay of activity and phosphorylation

Incubations were carried out in 25 ul final vol. con-
taining buffer (150 mM KCl, 10 mM Tris, 20 mM
MOPS, 1 mM EGTA, 5 mM MgCl, (pH 7.4)) and as
appropriate acetyl CoA carboxylase (100—150 munits/
ml), plasma membranes (0.5—1.0 mg protein/ml) and
other additions. The mixture was equilibrated at 37°C
for 23 min prior to initiation of reaction with ATP
or [y-32P]ATP (500—1000 dpm/pmol). After the
incubation period, the activity of acetyl CoA carboxyl-
ase was assayed either immediately or after a further
20 min in the presence of 20 mM sodium citrate [5].
Alternatively, for incubations performed with [y->2P]-
ATP, reactions were terminated by the addition of
0.5 ml ice-cold trichloroacetic acid (10%, w/v). The
32p Jabelled phosphoproteins in the pellet were resolved
by SDS—polyacrylamide gel electrophoresis (5—6%
gels) and quantified by densitometric scanning of auto-
radiograms as in [5,15].

3. Results

3.1. Effects of incubation with plasma membranes
and ATPon the activity of acetyl CoA carboxylase
Incubation of the preparations of acetyl CoA car-
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boxylase with or without ATP for 2 min at 37°C re-
sulted in little change in activity (table 1). However,
ifincubations were carried out in the presence of both
plasma membranes and ATP, the initial activity of
acetyl CoA carboxylase increased markedly but the
activity after citrate treatment remained unchanged.
The plasma membrane preparations contained no
detectable acetyl CoA carboxylase activity and had
no effect on the activity of added acetyl CoA carboxyl-
ase in the absence of ATP.

The time-course of the activation is indicated in
fig.1. Maximum activation was observed after 2 min
and was constant for at least 10 min thereafter. Simi-
lar results were obtained using more purified prepara-
tions of acetyl CoA carboxylase (spec. act. 500—1000
munits/mg protein) and at lower concentrations of
ATP (0.15-0.2 mM). No activation was observed if
Mg?* was not present. However, Ca?* did not appear
to be required as the addition of 1 mM EGTA or Ca-
EGTA buffer to yield ~10 uM free Ca®* did not affect
activation appreciably.

The effect of the plasma membranes was not mim-
icked by the addition of 5'-AMP or ADP (0.5 mM)
or by a heat-treated extract of the membranes (not
shown). The extract was prepared by incubating mem-
branes with ATP (1 mM) for 2 min at 37°C followed
by heating for 5 min at 100°C and centrifugation at
10000 X g for 5 min.

The effect of plasma membranes in the presence
of ATP contrasted markediy with the effects of added
cyclic AMP-dependent protein kinase. In the presence
of cyclic AMP, incubation with this kinase resulted in
a marked inhibition in both the initial activity of acetyl
CoA carboxylase and the activity assayed after citrate
treatment (table 1, fig.1). Moreover, while the effects
of added cyclic AMP-dependent protein kinase were
largely inhibited by the addition of a preparation of
cyclic AMP-dependent protein kinase inhibitor protein,
the addition of this preparation had no effect on the
activation of acetyl CoA carboxylase observed with
plasma membranes and ATP (table 1). The addition
of defatted bovine serum albumin (10 mg/ml) or a
mixture of protease inhibitors (pepstatin, antipain
and leupeptin each to 0.5 ug/ml) did not affect the
increase in acetyl CoA carboxylase activity.

3.2. Phosphorylation of acetyl CoA carboxylase in the
presence of plasma membranes and [v-*P]ATP
Incubation of either plasma membranes or acetyl

CoA carboxylase preparations alone with [y-*P]ATP
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ACTIVITY OF ACETYL COA CARBOXYLAS

(as % maximum control )

Table 1

Effects of incubation with plasma membranes in the presenc
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of acetyl CoA carboxylase

Acitivity of aceiyl CoA carboxyliase
(% max control)

Initial After citrate treatment
Non-incubated enzyme (control) 10.5+2.1 (8) (100)
Plasma membranes <0.5 <0.5
Enzyme after incubation
for 2 min with:

(i) no additions 10.7 £ 2.3 (8) 98.0+0.8 (4)
(ii) ATP 11.3+3.1 (8) 93139 @)
(iii) plasma membrane

preparation 123 :2.6 (8) 93673 (4)
(iv) as (iii) plus ATP 18.4 +2.92(8) 92.0+34 (4)
(v) as (iv) plus inhibitor

protein 18.6 £ 2.02 (3) 7341 (3)

(vi) ATP plus cyclic AMP + cyclic

AMP-dependent protein kinase 48+1.0%@4) 80.6 + 2.42 (4)
{vii) as {(vi) pius inhibitor

protein 9.1+2.1 (3) 95.9+6.1 (3)

4P < 0.01 vs appropriate control

Acetyl CoA carboxylase (spec.act. 50—100 munit/mg protein) was incubated with the
additions indicated prior to assay immediately (initiai activity) or after further 20 min
in the presence of 20 mM sodium citrate. Concentrations of additions were as follows:
ATP (1 mM); plasma membranes (0.5—1.0 mg protein/ml); cyclic AMP-dependent
protein kinase preparation (0.25 mg protein/ml); cyclic AMP (50 uM); cyclic AMP-
dependent protein kinase inhibitor protein preparation (0.07 mg protein/ml). Results
are expressed as mean + SEM of the no. independent obs. (using different batches of
both plasma membranesandacetyl CoA carboxylase) in parentheses and are expressed
as % of activity found in the non-incubated enzyme after citrate treatment (100—150
munit/ml)
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C \/L (fig.2). However, under these conditions none of the

t
major labelled proteins have a subunit M_ on the basis

of SDS—polyacrylamide gel electrophore31s corre-
sponding to that of acetyl CoA carboxylase, namely

/ 230 000 [4,8,12]. The phosphorylated proteins asso-

MZ ciated with the plasma membrane preparation are prob-

) . - kA ably two plasma membrane proteins of subunit /4,
@ rS J ~67 000 and 61 000, found to be phosphorylated in

\{j——-/' 74+ Fig.1. Time-course of the ATP-dependent activation of acetyl
CoA carboxylase in the presence of plasma membranes. Details
of incubation and additions as in table 1 for enzyme alone

// (4) and in the presence of: ATP (e); plasma membranes (4);
570
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! 2 3 4 plasma membranes + ATP (0); cyclic AMP-dependent protein
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Fig.2. *2P-Labelled phosphoproteins separated by SDS—poly-
acrylamide gel electrophoresis following incubation of acetyl
CoA carboxylase (spec. act. 750 munit/mg protein) with
plasma membranes and [y->*P]ATP. Incubations were carried
out as in table 1 except that [y-*2P]ATP (0.15 mM and 500
dpm/pmol) was present and incubations were terminated after
1 min by the addition of trichloroacetic acid. Solid lines are
densitometric traces of autoradiographs locating the separated
32pJabelled phosphoproteins following incubations of: (a)
acetyl CoA carboxylase; (b) plasma membrane preparation;
(c) as (b) + acetyl CoA carboxylase; (d) as (c) + cyclic AMP.
Dashed traces show the 3*P-labelled phosphoproteins present
after incubation under the same conditions + cyclic AMP-
dependent protein kinase inhibitor protein. Subunit M-
values were determined as in [5,15] and are indicated as

X 1073,

intact fat cells [15]. The identity of the phosphorylated
protein in the acetyl CoA carboxylase preparations of
subunit M ~65 000 is unknown but it appears to be
a substrate for cyclic AMP-dependent protein kinase
(see below) which suggests it may be a fat cell protein
we had designated 4A [5].

In contrast, if acetyl CoA carboxylase is incubated
with [y-32P]ATP in the presence of plasma membranes
then a substantial increase in the incorporation of **P
into a protein of subunit M 230 000 is apparent (fig.2,
table 2). The migration of this protein on SDS—poly-
acrylamide gel electrophoresis was identical to that of
fat cell acetyl-CoA carboxylase and the identity was
confirmed by demonstrating that all the 3P associated

Table 2

Phosphorylation of acetyl CoA carboxylase in the presence of plasma
membranes and [y->*P]ATP

Other additions Phosphorylation (as % control value)

Enzyme alone

Enzyme + plasma
membrane preparation

G [y3*P]ATP 17+ 3(9)
(ii) as (i) + inhibitor protein 17+ 34
(iii) as (i) + cyclic AMP 42x10(5)

(iv) as (iii) + inhibitor protein 17+ 1(4)

(100, control value)
90+ 7(8)

257 £ 52 (8)

152£12(5)

Concentrations of additions as given in table 1, other details as fig.2 except
that acetyl CoA carboxylase preparations of spec. act. 50—100 munit/mg
protein were used. Phosphorylation of acetyl CoA carboxylase calculated
from the area of the peak representing acetyl CoA carboxylase in the densi-
tometric scans of autoradiographs and expressed as % of that observed in
the presence of [y-**P]ATP and plasma membranes. Results are mean +
SEM for no. obs. in parentheses (each from different batches of both plasma

membranes and acetyl CoA carboxylase)
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with the band was precipitated with antibody to acetyl-
CoA carboxylase as described in [12].

The incorporation of 32P from [y-*P]ATP into
acetyl-CoA carboxylase in the presence of plasma
membranes was rapid and quite similar to the time-
course of the increase in activity of acetyl-CoA car-
boxylase. The incorporation of 32P from [y-*?]ATP
into acetyl-CoA carboxylase in the presence of plasma
membranes may be slightly faster than the time course
of the increase in activity of acetyl-CoA carboxylase.
Values for the incorporation of 32P were 53 £ 16,

93 + 7 and 98 + 4% of the 2 min value at 0.5, 1 and
10 min, respectively (mean = SEM for 3 obs.); corre-

sponding values for the increase in acetyl-CoA carboxyl-

ase activity in parallel experiments were 25 £ 3,

60 + 4 and 108 * 6% of the 2 min value at 0.5, 1 and
5 min, respectively (mean * SEM for 4 obs.). Incorpo-
ration was not altered by the presence of the protein
inhibitor of cyclic AMP-dependent protein kinase
(fig.2, table 2) indicating that the phosphorylation of
acetyl-CoA carboxylase in the presence of plasma mem-
branes was not brought about by the catalytic subunit
of cyclic AMP-dependent protein kinase. However, if
cyclic AMP was added, an increase in phosphorylation
of both acetyl-CoA carboxylase and the 65 000 M,
component was observed in the presence of plasma
membranes. These increases in phosphorylation were
greatly diminished if the inhibitor protein of cyclic
AMP-dependent protein kinase was added (fig.2, table
2). The results of these experiments are compatible
with the plasma membranes containing cyclic AMP-
dependent protein kinase activity being able to phos-
phorylate these proteins, but only in the presence of
added cyclic AMP and in the absence of the inhibitor
protein. The presence of 10 uM Ca?* (using Ca-EGTA
buffer) or the addition of excess EGTA (1 mM) did
not affect the phosphorylation of acetyl-CoA carboxyl-
ase in the presence of plasma membranes.

An estimate of the extent of phosphorylation can
be made based on the assumption that the maximum
specific activity of fat cell acetyl-CoA carboxylase is
45 unit/mg protein. On this basis, the observed in-
corporation in the presence of membranes represents
0.2—0.5 mol phosphate/mol acetyl-CoA carboxyl-
ase subunit (M, 230 000) in the absence of cyclic
AMP and 0.5-1.2 mol/mol in the presence of cyclic
AMP.
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4. Discussion

These results are compatible with the plasma mem-
branes prepared from fat cells containing an ATP-
requiring protein kinase which is capable of phospho-
rylating acetyl-CoA carboxylase and that this phos-
phorylation is associated with an increase in acetyl-
CoA carboxylase activity. This increase may involve
polymerisation of the enzyme and could explain why
the time course of the increase in activity appeared
to lag slightly behind the time course of phosphoryla-
tion. The kinase appears to be insensitive to Ca®* at
least under the conditions of this study. Moreover,
the kinase is quite distinct from cyclic AMP-dependent
protein kinase which is also able to phosphorylate the
enzyme but in this case, phosphorylation leads to a
decrease in the enzyme activity. The change in activity
brought about by the membrane-bound kinase is
similar to that seen after exposure of fat cells to in-
sulin; the initial activity of acetyl-CoA carboxylase
is increased but no change is apparent after citrate
treatment. In contrast, phosphorylation by cyclic
AMP-dependent protein kinase brings about changes
similar to those following incubation of fat cells with
adrenaline since both initial activity and that observed
after citrate treatment is diminished.

Two other interpretations of our observations must
be considered:

(i) The observed increase in activity and phosphory-
lation could be the result of activation of a kinase
associated with the enzyme preparation but which
is completely inactive in the absence of some heat
labile factor in the plasma membranes. This pos-
sibility is difficult to eliminate.

(ii) The increase in activity could be due to limited
proteolysis quite independent of the phospho-
rylation, since ATP-dependent proteolytic activity
has been reported [23,24].

However, possibility (i) seems unlikely for the follow-

ing reasons: The addition of proteolytic inhibitors

and albumin were without effect; there was no altera-
tion in the activity of the enzyme expressed after ci-
trate treatment; there was no evidence of any loss of
protein associated with the acetyl-CoA carboxylase
subunit separated by SDS—polyacrylamide gel elec-
trophoresis (M, 230 000) or the appearance of any
satelite bands of lower molecular weight. Nevertheless,
complete elimination of possibility (ii) must await the
demonstration that the increase in activity can be re-
versed upon dephosphorylation.
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It seems reasonable to conclude that insulin may
act on acetyl-CoA carboxylase through increasing the
activity of the plasma membrane kinase. The fact that
the kinase is associated with the cell membrane may
mean that no ‘second messenger’ as such is involved
in the effect of insulin on the activity of acetyl-CoA
carboxylase. Other studies have demonstrated that
increased phosphorylation of a number of other fat
cell proteins occurs following exposure of fat cells to
insulin. These include 3 intracellular proteins with
subunit M, : ~130 000, which is probably ATP citrate
lyase [3,12,17—19];~35 000 which may be the riboso-
mal protein S6 [19—21};~22 000 which appears to be
a protein related to the phosphoprotein phosphatase
inhibitor-1 [19,22]; and in addition a plasma mem-
brane-associated protein of M, 61 000 {15]. Clearly
future studies should be directed towards exploring
the extent to which these proteins are also substrates
for the plasma membrane-associated kinase. It must
also be demonstrated that this kinase phosphorylates
the same site on acetyl-CoA carboxylase as that ob-
served to be phosphorylated to a greater extent fol-
lowing exposure of fat cells to insulin. Most impor-
tantly, the stimulation of kinase activity by insulin
must be demonstrated. These studies are in progress.
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