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ABSTRACT  Acetyl-CoA carboxylase [acetyl-CoA:carbon-
dioxide ligase (ADP-forming), EC 6.4.1.2] is activated by phys-
iological concentrations of CoA. The CoA concentration de-
endency of this activation is sigmoidal; below 60 uM there is
ittle or no activation, but the activation observed between 60
and 120 uM indicates that small changes in the concentration
of CoA can cause significant changes in carboxylase activity.
CoA activation of acetyl-CoA carboxylase accompanies poly-
merization of acetyl-CoA carboxylase. However, the binding
site for CoA appears to be different from that of citrate. In
contrast to citrate activation, which changes only the V., of
the reaction, CoA activation of carboxylase in polymeric
forms with a lower Ky, for acetyl-CoA. The Ky, for acetyl-CoA
is 0.4 mM in the control enzyme, whereas that of the CoA-acti-
vated enzyme is as low as 4 uM. The K,, for ATP was not
changed. Derivatives of CoA were not effective in activating
the carboxylase, indicating that the CoA effect is specific.
Arguments are presented that CoA could be a physiologically
significant positive effector of the carboxylase.

Acetyl-CoA carboxylase [acetyl-CoA:carbon-dioxide ligase
(ADP-forming), EC 6.4.1.2] catalyzes the rate-limiting step in
the synthesis of long-chain fatty acids. The polymeric form of
the enzyme is active whereas the protomeric form is inactive
(1-4). Because various cellular metabolites are known to shift
the equilibrium between the polymeric and protomeric states
of the carboxylase in vitro, it has generally been assumed that
the short-term control of the enzyme may be accomplished in
vivo by cellular metabolites (5).

Because high concentrations of citrate cause aggregation and
activation of the carboxylase in vitro, it has been proposed and
widely accepted that citrate may be the positive allosteric ef-
fector of carboxylase in vivo, thus regulating the synthesis of
long-chain fatty acids (5). However, there is no clear evidence
for the occurrence of such a control mechanism in vivo. In-
creased fatty acid synthesis is frequently accompanied by no
change or even a decrease in citrate concentration (6-10). Even
in the chicken liver system, in which extensive studies on the
mechanism of citrate activation of acetyl-CoA carboxylase have
been carried out (5), inhibition of lipogenesis persisted under
conditions of increased citrate levels (11). Similarly, when lip-
ogenesis was inhibited in isolated rat hepatocytes with a hy-
polipidemic agent, this inhibition was accompanied by an in-
crease in citrate concentration (12), again indicating the lack
of a citrate effect on lipogenesis. There are other theoretical and
experimental difficulties in the theory that citrate is a positive
effector of carboxylase in vivo. These are discussed in detail in
the Discussion.

In contrast to the lack of correlation between citrate and li-
pogenesis, it has been observed that the hepatic CoA concen-
tration increases as the rate of fatty acid synthesis increases (8)
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and decreases under conditions such as lipogenesis inhibition
(12) and gluconeogenesis (13-15). However, the physiological
meaning of changes in the CoA concentration with respect to
fatty acid synthesis has never been closely examined.

In this communication, we present evidence that CoA acti-
vates acetyl-CoA carboxylase in a manner consistent with CoA
being a physiologically significant allosteric effector of the

enzyme.

MATERIALS AND METHODS

Acetyl-CoA, CoA, Sepharose 2B, phenylmethylsulfonyl fluo-
ride, and crystalline bovine serum albumin were purchased
from Sigma. ATP was obtained from Schwarz/Mann; oxidized
CoA, dephospho-CoA, and (1,N8-etheno)-CoA were from P-L
Biochemicals. NaDodSO4 was a product of Schwarz/Mann and
was recrystallized from ethanol.

NaH!4COg3 was purchased from Amersham/Searle (59.1
mCi/mmol; 1 Ci = 8.7 X 10'° becquerels), purified as described
(16), and then diluted with carrier to 80 mM KH!4CO; (0.4
mCi/mmol). ‘

Wistar rats (230-280 g) from our departmental rat colony
were maintained on a commercial rat diet fed ad lib.

Preparation of Acetyl-CoA Carboxylase. Acetyl-CoA car-
boxylase was purified by the procedure of Nakanishi and Numa
(17), except that all buffers contained 0.2 mM phenylmethyl-
sulfonyl fluoride. The purified enzyme had a specific activity
of 12 units/mg of protein. Purity was examined by Na-
DodSO4/acrylamide gel electrophoresis (18).

Partially purified enzyme was prepared as described (16).
The specific activity of acetyl-CoA carboxylase in such prep-
arations was between 70 and 90 milliunits/mg of protein in the
presence of 10 mM citrate.

Assay of Acetyl-CoA Carboxylase. Acetyl-CoA carboxylase
activity was measured as described (16). One unit of activity
is defined as 1 umol of malonyl-CoA formed per minute at
87°C.

Sucrose Density Gradient Centrifugation. A 0.2-ml enzyme
sample was applied to a 5-ml linear gradient of 5-20% sucrose
in 50 mM Tris-HC], pH 7.5/1 mM EDTA/and 5 mM 2-mer-
captoethanol. The citrate concentration used in the gradients
is indicated in the appropriate figures. Samples were centri-
fuged for 90 min (or as specified) at 25°C in a SW 65 swinging
bucket rotor at 45,000 rpm. Carboxylase activity in each frac-
tion was assayed as described (16).

RESULTS

Effect of CoA on Acetyl-CoA Carboxylase. Like citrate
activation of acetyl-CoA carboxylase, CoA activation of the
enzyme was time dependent (Fig. 1). In the absence of CoA,
2 mM citrate activated carboxylase 5- to 6-fold in 30 min. Ad-
dition of 0.12 mM CoA to the activation mixture further acti-
vated the carboxylase. However, the time required for maximal
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F1G. 1. Effect of CoA on acetyl-CoA carboxylase activation.
Partially purified enzyme was incubated with or without 0.12 mM
CoA in medium containing 2 mM citrate, 5 mM MgClz, 1 mM di-
thiothreitol, 1 mM theophylline, and 0.2 mM phenylmethylsulfonyl
fluoride at 37°C. Aliquots were withdrawn at the indicated times for
assay of enzyme activity. ®, Control (no CoA); O, 0.12 mM CoA.

activation did not change significantly. Although in this ex-
periment, CoA was added to an enzyme preparation containing
citrate, CoA activation of the carboxylase does not require ci-
trate, as shown below.

The effect of different concentrations of CoA on the acti-
vation of acetyl-CoA carboxylase is shown in Fig. 2. In this ex-
periment different concentrations of CoA were incubated with
the enzyme for 30 min before activity was determined. In
contrast to the citrate activation of carboxylase (5), CoA acti-
vation was sigmoidal with respect to CoA concentration. Up
to 60 uM CoA there was little or no activation of the enzyme.
A marked increase in activity was observed between 60 and 120
#M CoA. The hepatic concentration of CoA has been reported
to be 0.36 mM (19). The exact concentration of CoA in the
cytoplasm of normal liver cells is not clear; however, it varies
between 5 uM (20) and 115 uM (21, 22) depending upon the
methods of subcellular fractionation and the determination of
subcellular water space. Therefore, the cellular concentration
of CoA appears to be sufficient to affect the carboxylase activity.
The most noteworthy aspect of the concentration dependency
of activation is that small changes of CoA concentration in the
range 60-120 uM can affect the activity drastically.

Effect of CoA on Sedimentation Behavior of Acetyl-CoA
Carboxylase. To determine whether CoA activates the car-
boxylase by polymerization, the CoA-activated enzyme was
subjected to sucrose density gradient centrifugation (Fig. 3).
In the absence.of either citrate or CoA, carboxylase sedimented
with a sedimentation constant of 17 S, which is characteristic
of the protomeric form. Preincubation of the enzyme with 120
1M CoA resulted in the formation of polymeric forms with a
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FiG. 2. Effect of different concentrations of CoA on the activation
of acetyl-CoA carboxylase. Partially purified enzyme was preincu-
bated with different concentrations of CoA as indicated for 30 min
at 37°C in a medium containing 50 mM Tris-HCI (pH 7.5), 1 mM di-
thiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, and 1 mM
theophylline. The carboxylase activities were then assayed.

broad range of sedimentation constants (24-42 S). For com-
parison, the effect of 10 mM citrate on carboxylase aggregation
is also shown in Fig. 3. This experiment indicates that CoA ac-
tivation of the carboxylase accompanies enzyme aggrega-
tion.
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Fi1G. 3. Effect of CoA activation on the sedimentation pattern
of acetyl-CoA carboxylase. Partially purified enzyme was preincu-
bated with no addition (@), 10 mM citrate (A), or 0.12 mM CoA (m)
in a medium containing 50 mM Tris-HCl (pH 7.5), 1 mM di-
thiothreitol, and 0.2 mM phenylmethylsulfonyl fluoride at 37°C for
30 min. Samples were placed on a 5-20% sucrose gradient in 50 mM
Tris/1 mM EDTA/5 mM 2-mercaptoethanol. Centrifugation was
carried out at 45,000 rpm for 90 min. Acetyl-CoA carboxylase activity
in each fraction was assayed after further activation by incubation
in the presence of 2 mM sodium citrate at 37°C for 30 min.
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Relationship Between Citrate and CoA Activation of
Acetyl-CoA Carboxylase. In contrast to citrate activation of
carboxylase (see Discussion ), CoA activation of the enzyme was
observed in the presence of a physiological concentration of
CoA. However, because both citrate and CoA activation of the
carboxylase accompany enzyme aggregation, it was of interest
to compare their modes of action. -

Addition of CoA to the maximally activated carboxylase at
a given citrate concentration further activated the enzyme (Fig.
4). Even at a saturating citrate concentration (10 mM), CoA
activated the enzyme still further, indicating that the binding
site(s) of CoA may be different from that of citrate. Because
CoA acted even at saturating concentrations of citrate, we ex-
amined the sedimentation profile of the carboxylase under these
conditions. Addition of CoA to enzyme that had been activated
in the presence of 10 mM citrate resulted in the formation of
an even faster sedimenting species, 50-55 S (Fig. 5). This ex-
periment, supports the view that CoA activation of the car-
boxylase may be due to the formation of polymeric forms of the
enzyme.

Effect of CoA on the K,,s of Acetyl-CoA Carboxylase for
Substrates. Citrate is known to increase V gy, without changing
K, for any of the substrates of the enzyme (5), although a slight
decrease in Ky, for acetyl-CoA by citrate has been reported
(23).

The CoA-activated enzyme showed a marked decreasé in
the K, for acetyl-CoA (Fig. 6). The calculated K, for acetyl-
CoA of the control enzyme in the absence of CoA was about 0.4
mM, which is similar to the values reported previously (24).
When the carboxylase was activated by preincubation with 0.12
mM CoA, new species of the carboxylase with a drastically
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F1G. 4. Effect of CoA on citrate-activated acetyl-CoA carboxylase.
Partially purified enzyme was incubated in a medium containing 50
mM Tris (pH 7.5), 5 mM MgCl;, 1. mM dithiothreitol, 0.2 mM phen-
ylmethylsulfonyl fluoride, and different concentrations of citrate at
37°C for 30 min. Each sample was divided into two portions after
30-min preincubation, and CoA was added to one portion for further
incubation. At the indicated times aliquots were withdrawn for assay
of enzyme activity. O, No citrate; ®,0.1 mM; A, 0.5 mM; A, 1.0 mM;
0, 2.0 mM; ®, 10 mM. Broken lines represent the activity after ad-
dition of CoA (0.12 mM).
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F1G. 5. Effect of CoA on the sedimentation pattern of citrate-
activated acetyl-CoA carboxylase. Partially purified enzyme was
preincubated with or without 2 mM citrate in a medium containing
50 mM Tris-HCI (pH 7.5), 1 mM dithiothreitol, and 0.2 mM phenyl-
methylsulfonyl fluoride at 37°C for 30 min. The sample containing
2 mM citrate was divided in half after the preincubation, and CoA was
added to a final concentration of 0.12 mM for further incubation (5
min). Samples were placed on sucrose gradients and subjected to
centrifugation. Acetyl-CoA carboxylase was assayed according to the
standard assay procedure. ®, No addition; A, 2 mM citrate; ®m, 2 mM
citrate and then 0.12 mM CoA for 5 min.

decreased Ky, for acetyl-CoA were observed. The Kys for
acetyl-CoA for the carboxylase incubated with CoA were be-
tween 0.004 and 0.4 mM. The new species of carboxylase
formed in the presence of CoA had a K, value as low as 4 uM.
The cytosolic acetyl-CoA concentration in rat liver has been
reported to be 5 uM (20).

Although ATP-citrate lyase, which is responsible for gener-
ating the cytosolic acetyl-CoA for fatty acid synthesis, increases
under physiological conditions of stimulated fatty acid synthesis,
such increases in enzyme activity require a matter of days (25)
and cannot be a factor in the short-term regulation of the car-
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FIG. 6. Double-reciprocal plots of velocity and acetyl-CoA of
CoA-activated enzyme. Partially purified enzyme in the absence of
citrate was preincubated in the presence or absence of 0.12 mM CoA
in a medium containing 50 mM Tris-HCl (pH 7.5). 1 mM di-
thiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM theo-
phylline at 37°C for 30 min. The effect of different concentrations of
acetyl-CoA on the velocity of acetyl-CoA carboxylase was determined.
@, Control enzyme; A, CoA-activated enzyme.
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boxylase by increasing acetyl-CoA concentrations. Thus,
changes in the K, for acetyl-CoA in the CoA-activated enzyme
have a significant physiological meaning in the control of
acetyl-CoA carboxylase and lipogenesis. On the other hand, the
K, for ATP of the CoA-activated carboxylase does not change
(data not shown).

Specificity of CoA Activation of Acetyl-CoA Carboxylase.
Because CoA activation of the carboxylase is a time-dependent
process, the effect of different CoA derivatives [dephospho-
CoA, (1,N8-etheno)CoA, and oxidized CoA] during the prein-
cubation period was examined. Oxidized CoA exhibited about
20% of the effectiveness of CoA, whereas dephospho-CoA and
(1,N8-etheno)CoA were inactive. A separate experiment using
[H]CoA indicated that during the preincubation of the car-
boxylase preparations with CoA, there was no degradation of
the CoA molecules.

DISCUSSION

Although citrate activates acetyl-CoA carboxylase in vitro, there
are many difficulties with the theory that citrate alone is the
physiologically positive effector of carboxylase in vivo. One of
the most serious difficulties associated with the citrate activator
theory is that the cellular concentration of citrate does not re-
flect the rate of fatty acid synthesis in vivo. Many studies carried
out to examine the relationship between cellular concentrations
of citrate and the rate of fatty acid synthesis indicate that the
citrate concentration either does not change or that it changes
in the direction opposite to that predicted for a regulatory role
in fatty acid synthesis in rat liver (6, 12).

Studies of the citrate activation of purified carboxylase in-
dicate that citrate is required at two steps (5, 26). For enzyme
activation, citrate is required only in the micromolar range (3
uM), but higher concentrations of citrate (up to 6 mM) are re-
quired for keeping the carboxylated species of the enzyme in
its polymeric state during the enzyme reaction. However, the
total cellular concentration of citrate is only about 0.1-0.3 mM
(9, 27), and a good portion of this metabolite is intramito-
chondrial. On the other hand, acetyl-CoA carboxylase activa-
tion by CoA occurs in the presence of physiological concen-
trations. The cytosolic concentration of CoA in normal cells has
been reported to be 5 uM when liver cells were fractionated by
the method of lyophilization and homogenization in an organic
solvent followed by density gradient centrifugation (20).
However, when cells from fasted animals were fractionated by
the modified digitonin method (21), the cytosolic.concentration
of CoA was about 23 uM. Because the cells from fasted animals
contain only about one-fifth of the normal concentration (20)
it follows that the cytosolic concentration is about 115 uM. The
cytosolic water content was taken to be 2 ml/g dry weight of
cells (18). Direct homogenization of liver tissue yielded about
130 uM in the cytosol (22). In this case, the breakage of mito-
chondria was assessed by mitochondrial marker enzymes. It is
also interesting to note that small changes in the CoA concen-
tration around 60 uM affect the activity profoundly, as shown
in this report.

Citrate’s role as a negative effector of the reactions of phos-
phofructokinase (28-30) and pyruvate dehydrogenase (31) is
well known. These are two of the most important reactions
involved in the conversion of carbohydrate into fatty acids. If
citrate is the positive effector of acetyl-CoA carboxylase, and
thus of the process of fatty acid synthesis in the liver, it is dif-
ficult to imagine how citrate can act at the phosphofructokinase
and pyruvate dehydrogenase steps in one way and at the ace-
tyl-CoA carboxylase step in another so that citrate could stim-
ulate fatty acid synthesis.
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Additional experiments are required to establish conclusively
that CoA is the physiologically significant positive effector for
fatty acid synthesis instead of or in combination with citrate.
However, the properties of CoA activation of acetyl-CoA car-
boxylase, as reported here, suggest that CoA activation of ace-
tyl-CoA carboxylase might be physiologically important. In
support of these in vitro studies, one can list a number of
physiological experiments in which CoA concentrations change
depending upon the status of fatty acid synthesis. For example,
conditions favoring gluconeogenesis result in a decrease in free
CoA (13-15) whereas CoA concentrations increase under
conditions favoring lipogenesis (8). In this connection, it should
be mentioned that Linn et al. (32) reported a CoA requirement
for fatty acid synthetase activity. It is interesting to note that,
although citrate is constantly degraded in the process of ace-
tyl-CoA production during lipogenesis, CoA only serves as an
acyl group carrier and is constantly regenerated. Also, it should
be noted that CoA is not a competitive inhibitor of acetyl-CoA
carboxylase with respect to acetyl-CoA, although CoA is com-
petitive with respect to palmityl-CoA inhibition of the car-
boxylase. However, it should be emphasized that these com-
pounds are not substrates or inhibitors for the catalytic activity
of the carboxylase but affect the quaternary structure of the
enzyme. Therefore, simple competition as revealed by kinetic
studies might be misleading.

The relationship between covalent modification of acetyl-
CoA carboxylase (31, 33-35) and CoA activation of the enzyme
should be mentioned. Our preliminary studies indicate that the
phosphorylated form of acetyl-CoA carboxylase does not re-
spond to CoA activation at all at physiological concentrations.
Such observations support the theory that covalent modification
of acetyl-CoA carboxylase is an amplification mechanism for
allosteric control by cellular metabolites (36, 37).

Elucidation of the exact mechanism of CoA action requires
the use of a homogeneous enzyme preparation that has not been
exposed to citrate. Unfortunately, all the existing purification
procedures utilize high citrate concentrations (20 mM) for the
stabilization of carboxylase during purification. It is difficult
to remove bound citrate from such enzyme preparation. Thus,
highly purified enzyme shows only a minimal effect of CoA.
However, extensive dialysis against citrate-free buffer and
treatment of the dialyzed enzyme with Dowex in the chloride
form result in a decrease in the citrate content (38). Such an
enzyme preparation shows increased sensitivity toward CoA
activation, indicating that the minimal effect of CoA with
conventionally purified enzyme preparations is due to the
presence of citrate. The results of these studies will be published
elsewhere. Highly purified preparations have been shown to
contain no fatty acyl-CoA (39).
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