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1. Introduction

Acetyl-CoA carboxylase, the rate limiting enzyme
in fatty acid synthesis, is completely dependent on
citrate for activity and is inhibited by long chain
fatty acyl CoA [1]. Kim and coworkers [2--5] partially
purified the enzyme from rat liver and showed that the
activity decreased following incubation with Mg-ATP:
and a protein fraction isolated from the same tissuz.
They also showed that the inactivation could be
reversed by incubation with a protein fraction from
hen oviduct. These results therefore suggested that
acetyl-CoA carboxylase might be regulated by a phos-
phorylation—dephosphorylation mechanism, as well
as bty the concentration of allosteric effectors.

The phosphorylation of a homogeneous prepara-
tion of acetyl-CoA carboxylase was first demonstrated
[6]. The enzyme isolated from lactating mammary
gland was found to be contaminated by traces of two
different protein kinases that could phosphozylate
the enzyme. One was c7clic AMP-dependent protein
kinase, while the other was a cyclic AMP-independent
protein kinase, which was termed acetyl-CoA carbox-
ylase kinase-2. _

The phosphorylation of acetyl-CoA carboxylase -
by the purified catal ric subunit of cyclic AMP-
dependent protein kinase was found to take place ata
very similar rate to that of other well established
physiological substrates of this enzyme, suggesting
that the reaction was likely to occur in vivo [6]. Evi-
dence supporting this idea was recently obtained
using isolated adipose tissue and hepatocyte prepara-
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tions. Acetyl-CoA carboxylase was phosphorylated in
both cell types and the degree of phosphorylation

was increased 1.5—2-fold by hormones which elevated
the intracellular level of cyclic AMP (adrenaling in

adipose tissue and glucagon in hepatocytes) [7—9].
The increased phosphorylation was accompanied by a
40—50% decrease in the activity, measured in the cell

.. extracts in the presence of saturating concentrations

of citrate.
Although these results suggested that hormones -

regulate the actwlty,of acetyl-CoA carboxylase in vivo

. by altering the degree of phosphorylation of the

enzyme, a change in theactivity of the purified enzyme
as a result of either phosphoryiation or dephosphoryla-
tion has not yet been reported. In this paper w2
demonstrate that acetyl-CoA carboxylase can be
isolated ir a highly phosphorylated form which has a
low specific activitv, and which can be cc_/erted to a
form of high specific activity by a dephosphorylaticn
reaciion,

2 Materia!s and methods

2.1. Materzals

Protein phosphatase-l an enzyme which catalyses
several functionaily related dephosphorylation reac-
tions involved in the control of glycogen metabolism,
was purified 1050-fold from rabbit skeletal muscle -
through the DEAE—Sephadex step [10} and was
provided by Dr Ann Burchelil in this laboratory. The
enzyme purified in this manner is stimulated several
fold by Mn*" when phosphorylase @ is used as a -
substrate [10] and shows a much higher dependence
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on Mn?’ when other substzates, such as glycogen
synthase or inhibitor-1, are employed (J. G. Foulkes,
unpublished work). Inhibitor-2, a heat stabie protein -
which inhibits protein phosphatase-1 specifically

[10], was partially purified from rabbit muscle as a
byproduct of the purification of protein phosphatase
inhibitor-1 [11} and further pursified by gel filtration
on Sephadex G-12. This preparation, which was
purified Z50u-fold, was provided by Mr Gordon -
Foulkes in this laboratory. One unit of protein phos-
phatase-1 was that amount which dephosphorylated -
1.0 nmol phosphorylase a/min [12]} and one unit of
inhibitor-2 was that amount which inhibited 0.02 U
protein phosphatase-1 by 50% in the standard assay
[13}. Phosphorylase b was purified from rabbit muscle
according to [14] and converted to phosphorylase
using purified phosphorylase kinase [12]. Fatty acid
synthase was isolated from lactating rabbit mammary
glands as a byproduct of the purification of acetyl-
CoA carboxylase [15].

The proteinase inhibitors leupeptin, antipain and
pepstatin were purchased from the Peptide Research
Institute, 476 Ina, Minoh-Shi, Osaka 562; phenyl-
methanesulphonyl fluoride (PMSF), tosyl-phenyl-

chioroincthylketone (TFCK), tosyl-lysyl-chloromethyl-
ketone (TL.CK) and soybean trypsin inhibitor were

obtained from Sigma Chemical Co., Poole, Dorset.
The sources of other materiais have been given [6,15].

2.2. Methods
Acetyl-CoA carboxylase was purified from lactating

rabbit mammary glands as described [6,15] with the -
following minor modifications. All bufiers contained

02% sodium azide and proteinase inhibitors at the
concentrations specified below: leupeptin, antipain
and pepstatin (all at 0.4 pg/mi). TPCK and TLCK
(both at 0.01 mM), PMSF (0.1 :nM) and trypsin
inhibitor (0.1 ug/ml). In soms preparations NaF
(50 mM) was included in the homogenisation buffer
and at all subrequent sieps. Acetyl-CoA carboxylase
was stored at room temperature (20°C) in 100 mM
sodium phosphate buffer (pH 7.0) containing 1.0 mM-
EDTA, 0.1% (v/v) 2-mercaptoethanol, 25 mM sodium
citrate, proieinase inhibitors at the concentrations
specified above, and in the presence or absenice of
50 mM sodium fluoride. Under these conditions, the
activity was stable for several days, and all experi-
ments were carried out within 2 days of completing
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the preparations. For studies of the activation of
acetyl-CoA carboxylase, the enzyme was diatysed at

20°C against 0.05/ Tris/HCI (pH 7.5), containing

1.0mM EDTA, 1.0 mM dithiothreitol, 0.1 M
sodium citrate and 0.02% sodnum azide. This dna]yms
did not affect the activity of the enzyme.

The activity of acetyl-CoA carboxylase was moni-

tr >d during the enzyme preparation as in [6]. For
tudies of the activation of the enzyme, a modified

assay was used. The assays (1.0 mi) comprised 0.17
Tris/HCI (pH 7.2) (at 37°C), 0.3 mM acetyl-CoA,
0.24 mM NADPH, 1.0 mg/ml bovine serum albumin,
acetyl CoA carboxylase, 0.2 mg/ml fatty acid synihase,
50 mM sodiuny bicarbonate, magnesium citrate as .
specified, 4 mM ATP and 4 mM MgCl,. All the com-
ponents except the Mg-ATP were incubated for
10minat 37°C in 0.95 ml, this period being sufficient
to maximally activate acetyl-CoA carboxylase at all
concentrations of citrate employed. The reaction was
then initiated with 0.05 m! of 80 mM MgCi.—80 mM
ATP and monitored at 340 nm. One unit of activity
was that amount which catalysed the formation of
1.0 umol malonyl-CoA/min (equivalent to 2.0 gmol
NADPH oxidised in the coupled assay).

The content of alkali-labile phosphate bound
covalently to acetyl-CoA carboxylase was measurcd
as in [16] using phosphorylase b and phosphorylase 2
as internal standards. Phosphorylase b always con-
tained < 0.02 phosphate moleculss and phosphorylase a,
1.0 + 0.1 phosphate molecules/mol. wt 100 000. In
this method, 5.0 nmol phosphate yield an 4 50 0.14.
In view of the high phosphate content of acetyl-CcA
carboxylase, it was therefore only necessary to analyse
12 nmol enzyme (0.25—0.5 mg) in order to obtain -
reliable values. The concentration of acetyl-CoA
carboxylase was measured by the methods of Lowry
[17] and Bradford [18] using bovine serum albumin
(4 IZDO = 6.5) as a standard. These two methods agreed
to within 5%.

3. Resulis -

3.1. Purification of acetyl-CoA carboxylase in the
presence and absence of sodium fluoride
Acetyl-CoA carboxylase isolated by the precedure

“described [6] show=:one major band (mol. wt 250 000)

and two faint minor bands {mol. wt 240 000 and
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Table I )
Pum’ cation of aceiyl—CoA carboxylase from lactating rabbit mammary gland prepared in the abse-:ce (A) or presence (B) of
50 mM sodinm fluoride

Step - C ‘ (A) Prepared without sodium fluoride

, (B) Prepared with sodium fluoride

Activity Pfotein
- (Units) (mg)

Spec_ act. Yield
(Units/mg) (%)

Activity - Protein

(Units)  (mg)

Spec. act. Yield
(Units/mg) (‘%

90 000 X g supernatant 5.7 3371

1.
2a. 35% ammonium sulphate .
precipitate (before dialysis) 10.0 880
2b. 35% ammonium sulphate’ ; A
" precipitate (after dialysis) 19.5 880

3. ist polyethylene glycol

precipitate : _ i5.5 13.8

4. - 2nd polyethylene glycol
precipitate 10.9 3.6

0.0046 109 112 2906  0.0038 100

0011 64 57 ‘93¢ 0.006 - 51

r022 124 73 934 0008 65
99 60 128 047 54
69 43 36 1.2 38

The glands from 2 rabbits (240 g) were finely chopped, xinsed and divided into two equal portmns A(,etyl-CoA carboxylasu was
purified from each pomon either in the absence (A) or presence (B) of 50 mM NaF

230 000) when examined by polyacrylamide gel
electrophoresis in the presence of sodium dodecyl
sulphate. In the present work, inclusion of the pro-
teinase inhibitors listed under section 2.2 minimized,
and occasionally eliminated, the appearance of the
minor bands from the final product. This confirmed
Our previous subgestion that these components are
generated from the species of mol. wt 250 000 by
limited proteolysis.

Homogeneous preparations of acefyl-CoA car- .-
boxylase were obtained whether the preparanons
were carried out in the presence or absence of 50 mM
MaF. However the specific activity of preparations
prepared in the presence of NaF were 2.5-fold Jower,
when the activities were measured under optimal
conditions using saturating concentrations of ¢i'rate
(table 1). The difference in specific activity was largely
generated during dialysis of the redissolved ammonium
sulphate precipitate (step 2b). In the presence of Na¥F
this dialysis produced only a slight activation (1.3-
fold) whereas 2-fold activation took place if NaF was
excluded. _ ' o

Since NaF is a powerful inhibitor of many protein
phosphatases, the results suggested that this com- .
pound might have prevented the activation of acetyl-

CoA carboxylase by inhibiting the dephosphorylation
of the enzyme which was catalyseé by an endogenous
protein phosphatase{s}. "Ti.= amount of phosphate
bound covalently to the punﬁed enzyme was there-

fore measured, and these experiments showed that
preparations prepared in the presence of NaF con-
tained 6.2+ 0.2 phosphate molecules/subunit (mean *
SD of 4 different preparations) wherzas preparatmns ‘
prepared in the absence of NaF contained only

4.8 + 0.3 phosphate molecules (mean + SD of 4 dif-
ferent preparations). The phosphate content of prep-
arations purified in the absence of NaF was 3 little
higher than in a previous series of preparations [15].
The reasons for this discrepancy are not clear. How-
ever, it should be noted thai in the present work the
phosphate content was measured within 2 day's of the
compietzon of the preparatmn-

3.2, Depkospkmyiation and activation of a&ez:vb(‘oA

carboxylase by protein phosphatase-1
Preparations of acetyl-CoA carboxylase were

incubated with highly purified protein phosphatase-1

from rabbii s}'eletal muscle and the results are shown -
in fig.1 and table 2
If the p:epara.lon lsonted n the absence of NaF

was incubated with protein phosphatase- -1, a slight

- (1.4-fold) activation was observed after 2 h when the

assays were carried out at 1.0 mM citrate. In contrast,
the activity of the preparation isolated in the presence
of NaF increased considerably following incubation

-with protein phosphatiase-1. After 2 h the activity at

1.0 mM citrate had increased 4-fold and was approaching
the activity of the preparation prepared in the absence
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specific activity {units/mg)
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Fig.1. Activation of acetyl-CoA carboxylase by protein phos-
.phatase-1. Acetyl-CoA carboxylase was dialysed at 20°C into
- 0.05] Tris/HCL (pH 7.5) containing 1.0 mM EDTA, 1.0 mM

dithiothreitol, 0.02 mM sodium azide and 0.1 mM sodium

citrate. Acetyl-CoA carboxylase (0.75 mg/m}) 0.25 ml, was
incubated at 25°C with 6.025 ml MnCl, (24 mM) and either

0.025 ml protein phosphatase-1 (20 U/ml) (closed circles) or

dialysis buffer (open circies). At the times indicated by the

circles 0.05 ml aliquots were withdrawn and assayed for
activity at 1.0 mM citrate as described in section 2. (A) Prep-
aration isolated in the absence of NaF; (B) prepara‘uon 150]ated
in the presence of NaF.

- Table2 _
Activation of acetvl-CoA carboxylase by
protein phosphatasc-i

Additions to incubation Relative activity

(% of controb)

None o 100

MnCl, + phosphatase- 1 282
MgCl, -+ phosphatase-1 ’ o9
Phosphatase—l ’ 116
MnClL, + phosphatase»l ' S
' + inhibitor-2 113
MnCl, + inhibiter-2 94
MnCl, 96

- AcetylCoA carboxylase prépared in the presence of NaF was
dialvsed overnight and then incubated at 20°C for 60 min, as
described in the lercad to fig.1. The concentration of acetyl-
CoA carboxylase was 0.28 mg/ml and the {inal concentrations
of protéin phosphatase-1, MnCl,, MeCl, and inhibitor-2, where
added, were 2.0 U/ml, 2.0 mM, 5:0 mM 2nd 3000 U/ml,
respectively. The assays were carried out in duplicate in the

presence of 1.0 mM ¢itrate
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of NaF. Control experiments showed that the actwa-
tion was comp]letely dependent on protein phos-

- phatase-1 and that the activity of the enzyme was

completely stable over the time period of the incuba- -
tion (fig.1).

The results fllustrated in table 2 showed that the
activation of aceiyl-CoA carboxylase was completely -
dependent on the presence of Mn®” as well as proteii
phosphatase-1, and that Mg?* could not substitute for
Mn?*". The activation of acetyl-CoA carboxylase by
protein phosphatase-1 in the presence of Mn** could

. be blocked completely by inhibitor-2, and control
experiments showed that inhibitor-2 (id not affect

the activity of acetyl-CoA carboxylase itself. The

the absence of protein phosphatase-’
did not affect the activity, showing that the purified -
acetyl-CoA carboxylase was not contaminated with
endogenous protein phosphatase activity.

At the end of the incubation in fig.1, the various
samples of acetyl-CoA carboxylase were analysed in
duplicate for their content of covalently bound phos-
phate. The preparation isolated in the absence of
NaF contained 4.9 + 0.1 phosphate molecules/subunit,
and this decreased to 4.3 2 1.0 molecules/subumt '
following the 2 h incubation with protein phos-
phatase-1. The preparation isolated in the presence of
NaF contained 5.2+ 0.4 inolecules/subunit, and this
decreased to 4.4 + 0.1 phosphate molecules/subunit,

_after the 2 h incubation with protein phosphatase-1.

Some preliminary investigations were made of the
effect of citrate concentration on the activity of
acetyl-CoA carboxylase before and after ireatment
with protein phosphatase-1, using the preparation
isolated in the presence of NaF. At 1.0 mM ciirate
(fig.1) or 0.3 mM citrate, the phosphatase-treated
enzyme containing 4.4 phosphate molecules/subunit
had a 4-fold higher activity than the control prepara-

tion containing 5.9 phosphate molecules. However, at
saturating concentrations of citrate (10 mM), the
activity of the phosphatase treated preparation was

only 2.3-fold higher. This suggesis that dephosphoryla- :
tion increases the ¥, of the enzyme and decreases -

the concentration Of cmate required for activation.

4. Discussion

Theidea that the activity of acetyl-CoA carboxylase:
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is regulated by a phesphorylation—dephosphorylation
mechanism has been disputed for several years [19,20].
However, the results presented in this paper show
conclusively that the activity of the enzyme can be
aliered by changing iis state of phosphorylation. The
isolation of the enzyme in the presence of a protein
phosphatase inhibitor (NaF) produc:i d a form of the
enzyme which had alower specific activity and a
higher content of covaicntly bound phosphate than
the enzyme prepzred in the absence of NaF. Further-
more, the diffe: ence in phosphiite content and activity
of acetyl-CoA carboxylase prepared in the presence
aind absence of NaF could be eliminated by treating -
the prepacation with protein phosphatase-1 (fig.1).

The finding that the activation was completely depen- '

dent on Mn?" (see section 2.1) and prevented by inhib-
itor-2 {a specific inliibitor of protein phosphatase-1)
provided conclusive evidence that the effect was due
to dephosphorylation by protein phosphatase-1 -
rather than to some other mechanism, e.g., limited
proteolysis. The latter possibility was also excluded
by the finding that the migration of the enzyme on
polyacrylamide gels i the j:2¢32nce of sodium dodecyl
sulphate was unaffe.ted by incubation with protein
phosphatase-1.

The results presented in table 1 show that the
enzyme is activated at early stages of the preparation
by an endogenous protein phosphatase. A similar
aciivation during the purification of rat mammary
.acetyl-CoA carboxylase was observed [21], although
this was attributed to the removal of inhibitors of the
enzyme during its isolation. Dephosphorylation and
activation of acetyl CoA carboxylase could also
explain, at least in part, the time-dependent activation
of acetyl-CoA carboxylase observed when rat liver
extracts were incubated at 37°C [22]. Although these
workers observed an 8-fold activation at saturating
concentrations of citrate as compared with ~2.5-fold
activation in the present work, it is possible that
acetyl-CoA carboxylase isolated from mammary gland
in the presence of NaF, does not represent fully
phosphorylated enzyme. In addition, the activation -
of the enzyme had not reached a plateau at the end of
the 2 h incubation with protein phosphatase-1 (fig.1).

Although the activation of acetyl-CoA carboxyiase
can be catalysed by protein phosphatase-1 in vitro, it
is not known whether this is identical fo the
endogenous protein phosphatase in mammary gland
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'wh.ich catalyses the dephosphorylation reaction at
" step 2b in the purification-(table 1). However it
. should be noted that vroiein phosphatase-1 is present

in mammary gland, livez 2and adipose tissue at very

similar concentrations to that whxch is present in
skeletal muscle [23].
The present results raise the question of which

protein kinase can reverse the dephosphorylation

- reactions investigated in this paper. It has been estab-

lished that acetyl-CoA carboxylase can be phos- -
phorylated by ai least two different protein kinases,
namely cyclic AMP-dependent protein kinase and

- acetyl-CoA carboxylase kinase 2 [6]. Experiments -
© a1° “n progress to determine whether either of these

two protein kinases is the enzyme involved in
reversing the dephosphorylation reactions described
in this paper.
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