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Acetyl CoA carboxylase [Acetyl-CoA:CO2 ligase (ADP), E.C. 6.4.1.2], which
catalyzes the carboxylation of acetyl CoA to form malonyl CoA, has been shown1-5
to be the site of the citrate activation of fatty acid synthesis reported originally by
Brady and Gurin.6 Vagelos et al.,7 M\atsuhashi et al.,8 and Numa et al.9 have ob-
served that activation by citrate is accompanied by an increase in the sedimentation
velocity of the carboxylase, as measured by the sucrose density-gradient technique.
Previous investigations2' 7, 8-10 into the nature of the citrate activation phenomenon
were limited because homogeneous carboxylase preparations, necessary for certain
critical physical-chemical experiments, were not available. These enzyme prep-
arations had relatively low specific activities compared to other biotin enzymes.
The isolation of liver acetyl CoA carboxylase in pure form in this laboratory has
permitted the elucidation of certain physical-chemical properties of the enzyme and
their correlation to its catalytic activity.

Experimental Procedure.-Preparation of acetyl CoA carboxylase: Acetyl CoA carboxylase was
extracted from chicken liver, using the phosphate-bicarbonate homogenization medium described
by Brady and Gurin.6 The enzyme was purified by (NH4)2SO4 and calcium phosphate gel frac-
tionation, DEAE-cellulose and hydroxylapatite chromatography, and preparative sucrose density-
gradient centrifugation. Unless otherwise indicated, the carboxylase preparations used in all ex-
periments were dialyzed against 50 mMI potassium phosphate, p11 7.0, containing 5.mM 2-mer-
captoethanol and 0.1 mM\ EDTA. Details of the purification procedure will be reported else-
where.

Acetyl CoA carboxylase assay: The H4CO3--fixation carboxylation assay reaction mixture (1.0
ml total vol) contained the following components (in Mmoles, unless specified): Tris (Cl-) buffer,
pH 7.5, 60; ATP, 2; MgCl2, 8; KH'4CO3 (specific activity, 3 X 105 cpm per 14mole), 10; acetyl
CoA, 0.2; potassium isocitrate, 20; GSH, 3; bovine serum albumin, 0.6 mg; and carboxylase
(diluted with 10 mM potassium phosphate, pH 7.0, 5 mM 2-mercaptoethanol, and 0.1 mMI EDTA),
0.01-0.03 ml containing 4 X 10-3 unit. Following a 10-min incubation at 370, 0.2 ml of 6 N HCl
was added, an aliquot was taken to dryness in a scintillation counting vial at 850 for 30 min, water
and scintillator were added, and acid-stable C14-activity determined using a liquid scintillation
spectrometer.
A spectrophotometric assay was frequently used with highly purified carboxylase preparations.

This reaction mixture contained in a total volume of 1.0 ml: the components of the H'4C03-
fixation assay (unlabeled, instead of C"4-bicarbonate and up to 0.025 unit of carboxylase rather
than 4 X 10-3 unit), 0.5 jimole of PEP, 20 ,ug of pyruvate kinase, 20 /Ag of lactate dehydrogenase,
and 0.2 Mmole of NADH. The rate of NADH oxidation coupled to acetyl CoA-dependent ADP
formation was followed spectrophotometrically at 334 m/A and 37°. Both assays were normally
initiated by addition of carboxylase; however, no difference in reaction rate could be noted when
assays were initiated with any other essential component of the reaction mixture.
One unit of carboxylase is defined as the amount of enzyme capable of catalyzing the carboxyl-

ation of 1.0 ptmole of acetyl CoA per minute under the conditions described.
Protein determination: Protein was determined by the method of Lowry et al.' using crystalline

bovine serum albumin as standard. Protein concentration of pure carboxylase preparations was
also determined by the Warburg and Christian method,"2 in which case values were multiplied
by 0.64 to convert to a protein concentration equivalent to that determined by the Lowry method.

148



VOL. 56, 1966 BIOCHEMISTRY: GREGOLIL ET AL. 149

Electron microscopy: Enzyme preparations were mounted on carbonized Formvar support
films and stained with uranyl acetate using the droplet technique as described by Van Bruggen
et at."3 Stained and unstained preparations were photographed using a Siemens-Elmiskop I
electron micro.cope (original magnification, 40,000X, 80,000 X).

Results. Sedimentation velocity and molecular weight of acetyl CoA carboxylase:
Examination of the purified acetyl CoA carboxylase in the analytical ultracentri-
fuge (Fig. 1A and B) revealed a single, sharp symmetrical peak with no apparent
contamination. The hypersharp character of the sedimenting boundary indicates
artificial sharpening resulting from a high concentration dependence of the sedi-
mentation coefficient. This suggests that the enzyme molecule has a high axial
ratio. The asymmetric character of the carboxylase was subsequently confirmed
by electron microscopy. Relatively low protein concentrations (0.5-2.0 mg per
ml) were employed in sedimentation velocity experiments due to the tendency of
the protein to aggregate at higher concentrations. In view of the asymmetric
character of the enzyme and results to be described in the following sections, the
sedimentation characteristics were investigated under a variety of conditions. In
all cases a single sedimenting peak was observed on schlieren patterns with S20o 2
values falling within the range 53-58S. The conditions tested included: 50 mM
potassium phosphate, pH 7.0; 50 mM\XI potassium phosphate plus 20 mM DL-
isocitrate, pH 7.0; 50 mAM Tris (Cl-), pH 7.5; 50 mAM Tris (Cl-) plus 20 mMI
DL-isocitrate, pH 7.5; and the carboxylation assay reaction mixture (albumin
omitted) in the presence and absence of 20 mM\I DL-isocitrate. With the exception
of the reaction mixture, all solutions contained 5 mAM 2-mercaptoethanol and 0.1
mM\ EDTA, and were dialyzed to equilibrium against the solution indicated. A

l~~~ ~ ~ ~~~~~~~~~~~~~~~

FIG. 1.-Sedimentation patterns of acetyl CoA carboxylase. (A) Enzyme in 0.05M potassium
phosphate, pH 7.0, 0.1 mM EDTA, 5 mM 2-mercaptoethanol; protein concentration, 1.08
mg/ml; centrifugation at 25,980 rpm and 22 C; photographs taken at 9, 23, 51 min after reaching
speed; direction of centrifugation, right to left. (B) Enzyme in 0.05 M potassium phosphate, pH
7.0, 0.1 M ammonium sulfate, 0.1 mM EDTA, 5 mM 2-mercaptoethanol; protein concentration,
1.70 mg/ml; centrifugation at 25,980 rpm and 20'C; photographs taken 20, 48, 68 min after
reaching speed; direction of centrifugation, right to left.
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significant decrease in sedimentation velocity was noted, however, when 0.1 ill
(NH4)2SO4 was present in the phosphate-containing medium. In this case, the
S20 0 was found to be 40-42S.
The molecular weight of acetyl CoA carboxylase in phosphate was determined by

sedimentation equilibrium according to the method of Yphantis.'4 Five experi-
ments were conducted at protein concentrations from 0.08 to 0.6 gm per liter in 50
ml\J potassium phosphate, pH 7.0, 5 mM\I 2-mercaptoethanol, and 0.1 mn.\J EDTA.
The molecular weight was found to be 7.8 + 0.6 X 106. The linearity of plots of
log Rayleigh fringe displacement versus X coordinate position indicated that the
carboxylase preparation was monodisperse.

Molecular activity and biotin content: The pure carboxylase catalyzes the car-
boxylation of 8 Mmoles of acetyl CoA per minute per mg of protein under the stand-
ard assay conditions. The (+)-biotin content (determined microbiologically with
Lactobacillus arabinosus15) of the enzyme is 0.63 .tg per mg of protein, which cor-
responds to 1 mole of biotin per 390,000 gm of protein or 20 moles of biotin per mole
of enzyme. The catalytic center activity calculated from these data is 3,100 moles
of acetyl CoA carboxylated per minute per mole of biotin, and the molecular activity
62,000 moles per minute per mole of enzyme. The pure enzyme catalyzes the
carboxylation of propionyl CoA at a maximum velocity 80 per cent that of acetyl
CoA. The products of acetyl CoA and propionyl CoA carboxylation were identi-
fied as malonyl CoA and methylmalonyl CoA, respectively, by methods previously
described. 16

Activation by tricarboxylic acids: Acetyl CoA carboxylase exhibits an essentially
absolute requirement for tricarboxylic acid and dicarboxylic acid anions, the most
active being isocitrate, citrate, and malonate. This requirement is apparent when
either acetyl CoA or propionyl CoA is used as substrate. Figure 2A shows that a
linear carboxylation rate is achieved instantly upon addition of enzyme to the
reaction mixture containing isocitrate. Figure 2B reveals that the enzyme, which is
active upon addition to the reaction mixture without isocitrate, is short-lived and
decays to nearly zero within 1 min under the influence of the components of the
reaction mixture. Addition of isocitrate instantly reactivates the enzyme to its
maximal level of activity. The pure chicken liver carboxylase differs from the rat

liver8 and adipose tissue5 carboxylase
A.MIX WITH B. MIX WITHOUT preparations in that prolonged preincuba-
ISOCITRATE ISOCITRATE tion with isocitrate (or citrate) is not re-
7 AC-ORFT-6 0--G (-NO-AC COA) quired for its activation. It appears that
ENZ ENZ the method of preparation outlined for the

A334 mg
-0.4

\ ISOCITRATE chicken liver carboxylase leads to an
0\ \ "active" form of the enzyme which under-

goes inactivation under the assay condi-
02MINtions (in the absence of isocitrate) and re-

activation in the presence of isocitrate.
TIME This behavior is identical at 250; further-

FIG. 2.-Kinetics of the acetyl CoA car- more, this enzyme does not appear to be
boxylase-catalyzed reaction. Enzyme was cold-labile under the conditions used to
assayed by the spectrophotometric test de- demonstrate the cold-lability of the rat
scribed in the text; 3.3 jug of enzyme were
used. liver carboxylase.Y
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Modification of sedimentation velocity in sucrose density gradients: On the basis
of previous reports7-9 that activation of acetyl CoA carboxylase is accompanied by
changes in sedimentation velocity in sucrose density gradients, the chicken liver
acetyl CoA carboxylase was subjected to similar analysis using the conditions found
to influence its state of activation. Figure 3 shows that in sucrose density gradi-
ents in the presence of potassium phosphate buffer, pH 7.0, the carboxylase sedi-
ments as a "large" structure with an apparent sedimentation coefficient of 54S
(30S and 50S E. coli ribosomes used as external markers). This value is in agree-
ment with the values determined in the analytical ultracentrifuge. In the presence

FIG. 3.-Sedimentation of acetyl CoA car-
boxylase in sucrose density gradients. The -0.6 50S 30S
method of Martin and Ames"7 was employed ) ASSAY
using a 5-20 per cent (w/v) sucrose gradient, t MIX +
total volume 4.5 ml. Sucrose gradients con- :DISOOITR A
tained: (a) phosphate-0.05 M potassium < PHOSPHATE / \ \ ASSAY MIX m
phosphate, pH 7.0, 0.1 mM EDTA; (b) assay / \(NO ISOCITR.) Z

mix + isocitrate-0.06 M Tris (Cl-), pH 7.5, 8
0.02 M DL-isocitrate, 2 mM ATP, 8 mM -0.2 80-
MgCl2, 0.01 M potassium bicarbonate, 0.2 < I
mM acetyl CoA, 0.1 mM EDTA; (c) assay / , fl \ 40-
mix (no isocitrate)-as in (b) minus isocitrate. I L L : _ :
On the gradients were applied 200 /ig of acetyl 5 10 15
CoA carboxylase, specific activity 7.2, dis- FRACTION NUMBER
solved in 0.2 ml of 0.05 M potassium phos-
phate, pH 7.0, 0.1 mM EDTA. Gradient
tubes were centrifuged at 39,000 rpm (SW 39 rotor; Spinco model L ultracentrifuge) for 60
min, at 250C. Eighteen fractions were collected, and aliquots assayed for activity (curves) and
for protein (bars; cross-hatched bars refer to gradient b, dotted bars to gradient c).

of the components of the assay reaction mixture (minus albumin) without isocit-
rate, a condition shown earlier (Fig. 2) to cause reversible inactivation, the enzyme
sediments (Fig. 3) as a "small" structure of about 20S. In the presence of isocit-
rate, a condition shown earlier (Fig. 2) to give rise to the active form, the enzyme
sediments as a "large" structure of 46S. The correlation between the sedimenta-
tion characteristics of the carboxylase and its structural features as revealed by
electron microscopy is illustrated in the next section. It should be noted (Fig.
3) that the change in sedimentation velocity of carboxylase activity from 20S to
46S on the density gradients exactly corresponds to the change in S of the bulk of
the protein in the gradient. It is clear, therefore, that the activation phenomenon
is associated with a corresponding change in the sedimentation velocity of the pro-
tein component of the enzyme preparation. It should be emphasized that subject-
ing the carboxylase to the components of the assay reaction mixture does not con-
stitute the minimal conditions giving rise to the 20S form. Indeed, this form is
also accessible from Tris (Cl-) buffer, pH 7.5-8.0, containing 5 mM\ 2-mercapto-
ethanol and 0.1 mM EDTA. The 46S form can be restored with isocitrate.
The chicken liver acetyl CoA carboxylase, prepared as described, apparently

differs from the rat liver8' 9 and adipose tissue' 7 carboxylases in that the former is
isolated in a "large" form (53-58S) and the latter enzymes in the "small" form.
Furthermore, once the catalytically inactive 20S form of the chicken liver enzyme
is produced, preincubation (with isocitrate) is unnecessary for its transition into the
active 46S form.
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The inability to detect the 20S form in the analytical ultracentrifuge under
conditions similar to those which give rise to this form in sucrose density gradients
might be due to differences inherent in the two centrifugation techniques, differ-
ences in enzyme concentration, or the effect of sucrose.

Electron miiicroscopy: Preliminary electron microscopy has revealed a striking
correlation between the state of activation and sedimentation velocity (sucrose
density-gradieint technique) of acetyl CoA carboxylase and its structural charac-
teristics. Electron micrographs (Fig. 4A) of carboxylase subjected to the assay
reaction mixture (without isocitrate), which gives rise to its catalytically inactive
20S form, reveal small particles having a minimum dimension of 70(-150 A and a
maximum dimension of 100-300 A. Some of these stained structures are elongated
and many appear to have open ends connected by a central channel. In the pres-
ence of isocitrate, which activates the enzyme and gives rise to its 46S ("large")
form, it assumes the filamentous structure shown in Figure 4B. These filaments
are 70-100 A in width and up to 4,000 A in length, which constitutes an axial ratio
of up to 40-60. Figure PA shows an electron micrograph prepared from the 54S
form of the enzyme in phosphate buffer, pH 7.0. At a somewhat higher protein
concentration than those already described, this form of the enzyme appears as a
netlike arrangement of filaments of relatively uniform width (70-100 A). The inset
shows a single filament from a more dilute preparation which has approximate di-
mensions of 70-100 A by 4,000 A. It appears to be a twisted structure and shows
regular, well-defined indentations. While the results described above have dealt
with uranyl acetate-stained enzyme, the electron micrograph shown in Figure 5B
represents an exceptional unstained preparation of carboxylase from the assay reac-
tion mixture plus isocitrate on a particularly thin support film. It is apparent that
the unstained preparation has similar structural characteristics to those of the
stained enzyme shown in Figure 4B.

Discussion. Acetyl CoA carboxylase, which has been isolated in pure form from
chicken liver, has a biotin content, specific activity, catalytic center activity, and
molecular activity similar to those of other biotin enzymes.18 The carboxylase
has been found to be an unusually large (S20, = 53-.i8S and molecular weight, 7.8
million in phosphate, pH 7.0) and asymmetric protein structure. Its characteristic
filamentous structure, shown by electron microscopy, is easily dissociated into con-
stituent subunits with concomitant loss of enzymatic activity. The active fila-
ments (70-100X up to 4,000 A) can be rapidly reconstituted by isocitrate and other
tri- and dicarboxylic acid anions. The present investigation demonstrates a striking
correlation between enzyme structure and activity. It is suggested that the sub-
unit conformation in the presence of phosphate or isocitrate permits a linear or-
ganization of subunits and expression of catalytic activity. It has not yet been
established what minimal filament length is necessary for catalytic activity.
The present findings shed further light on the process by which Krebs cycle tri-

and dicarboxylic acids activate acetyl CoA carboxylase and thereby regulate fatty
acid biosynthesis. It is tempting to speculate that in addition to its catalytic role,
acetyl CoA carboxylase has a structural role in the fatty acid synthesizing system.
Acetyl CoA carboxylase filaments could provide a basic structure to which fatty acid
synthetase molecules are complexed, thereby bringing into close proximity the
malonyl CoA-synthesizing and -utilizing systems.
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FIG. 4. Electron micrographs of acetyl CoA carboxylase in assay reaction mixture (A) without,
and (B) with isocitrate. Acetyl CoA carboxylase, specific activity 7.5, was dissolved in: (A) 0.06
M Tris (Cl -) pH 7.5, 2 mM ATP, 8 mM MgCl2, 0.01 M potassium bicarbonate, 0.2 mM acetyl
CoA, 3 mnM OSH; enzyme, 50 j~g/m1. (B) as in (A) plus 0.02 Al DL-isocitrate. After a 10-mmn
incubation, mixtures were diluted 5-fold with water. Uranyl acetate stained X 120,000.
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FIG. 5.-Electron micrographs of acetyl CoA carboxylase in (A) phosphate, and (B) assay
reaction mixture with isocitrate. Acetyl CoA carboxylase, specific activity 7.5, was dissolved in:
(A) 0.05 M potassium phosphate, pH 7.0, 0.1 mM EDTA, 5 mM 2-mercaptoethanol; enzyme,
100 uAg/ml. Inset, the same, enzyme 50 ,ug/ml. (B) 0.06 MI Tris (C1-), pH 7.5, 0.02 M D1iso-
citrate, 2 mM ATP, 8 mM MgCl2, 0.01 M potassium bicarbonate, 0.2 mM acetyl CoA, 3 mMM
GSH; enzyme, 50 ,ug/ml. After a 10-min incubation, mixtures were diluted 5-fold with water.
(A1) Uranyl acetate-stained, (B) unstained X200,000.
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