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does not affect the association of ATP citrate-lyase with
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ATP citrate-lyase is known to be a substrate for various protein kinases, but the functional role, if any,

of kinase-directed phosphorylation of this enzyme has not been identified. Recently, Strilfors [(1987) J. Biol.

Chem. 262, 11486-11489] has suggested that effects on the association of this enzyme with mitochondria

may account for the observed ability of isoproteronol or insulin to promote immobilization of ATP citrate-

lyase in permeabilized cells. Here we report studies involving phosphorylation of the pure enzyme in vitro

using cyclic AMP-dependent protein kinase. We show that phosphorylation has no significant effect on the
fraction of the enzyme that may be bound to isolated mitochondria.

ATP citrate-lyase; Mitochondrion; cyclic AMP-dependent protcin kinase

1. INTRODUCTION

ATP citrate-lyase (EC 4.1.3.8) is the enzyme
that is responsible for the cleavage of citrate in the
cytoplasm to supply acetyl-CoA for fatty acid
biosynthesis:

Citrate + CoA + ATP=—oxaloacetate + acetyl-CoA + ADP + P;

The enzyme can be phosphorylated in two ways.
One of these is the result of formation of a
phospho-enzyme intermediate in catalysis, through
the transient formation of a phosphohistidine
residue at the active site [1]. In addition, the en-
zyme may be phosphorylated at a serine residue at
the ‘regulatory’ or structural site in vivo [2] or by
the action of cyclic AMP-dependent [1,3,4] and
-independent [5] protein kinases in vitro, and in
response to insulin [6,7] and glucagon [4,8,9].
Curiously, phosphorylation at the structural site in
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response to both insulin and glucagon appears to
take place at the same serine residue [9], and
moreover, no change in the properties of the en-
zyme has been attributed to such phosphorylation
[3,8,10—14]. Recently, Stralfors [15] has studied
the effects of the S-adrenergic agonist
isoproteronol, insulin and cyclic AMP analogs on
the extent of solubilization of ATP citrate-lyase
from adipocytes that have been permeabilized by
treatment with digitenin. Here he has observed a
correlation between phosphorylation induced by
these compounds and cellular immobilization, sug-
gesting that phosphorylation at the structural site
may promote the association of the enzyme with a
specific cellular organelle or membrane. In keeping
with these observations, it has been reported
earlier that ATP citrate-lyase from hepatacytes of
starved rats is associated with mitochondria [16]
and with a microsomal fraction [I11]. Here, we
report in vitro experiments showing that
phosphorylation of the purified enzyme by cyclic
AMP-dependent protein kinase has no significant
effect on the degree of association of the enzyme
with added mitochondria.
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2. MATERIALS AND METHODS

ATP citrate-lyase was purified to homogeneity
from livers of male Sprague-Dawley rats that had
been starved for 2 days and then refed a high car-
bohydrate diet for 3 days immediately prior to kill-
ing, essentially as in [1,17]. Enzyme activity was
determined by the coupled assay outlined by
Osterlund and Bridger [18].

The catalytic subunit of cyclic AMP-dependent
protein kinase was purified from rabbit thigh mus-
cle according to method H of Bechtel et al. [19].
One unit of activity was defined as that catalyzing
the transfer of 1 zmol phosphate from [y-*’P]ATP
to histone per min at 30°C.

ATP citrate-lvase was phosphorylated at its
structural site by incubation of lyase (2 mg/mi)
with 5 U catalytic subunit of cyclic AMP-
dependent protein kinase in 50 mM Tris-HCI (pH
8.4), 3 mM MgCl;,, 10 mM dithiothreitol and
0.5 mM [y->2P]ATP at 30°C for varying lengths of
time (see section 3), after which the reaction was
stopped by the addition of EDTA to 20 mM. Any
32p incorporated at the catalytic site was removed
by incubation with citrate and CoA [l], and the
phosphorylated lyase was isolated by gel filtration
on Sephadex G-100. Preparations of ATP citrate-
Iyase in which the phosphoryl groups were re-
moved from the structural sites were obtained by
incubation of the phosphorylated enzyme with
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Fig.1. Time course for the structural phosphorylation of

ATP citrate-lyase by the catalytic subunit of cyclic

AMP-dependent protein kinase. See section 2 for
experimental details.
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0.75 U Escherichia coli alkaline phosphatase in
50 mM Tris-HCI (pH 8.4), 1 mM dithiothreitol for
6 h at 30°C. The dephosphorylated lyase was
recovered by gel filtration as described above. In
keeping with previous reports (see above), we
found that the specific activity of the enzyme was
unaffected by its phosphorylation.

Mitochondria were prepared from rat liver as
described by Beavis et al. [20]. Binding of ATP
citrate-lyase to mitochondria was tested in the
following way. Enzyme {50—100 xg) was incubated
with mitochondria (5 mg protein) in a solution
containing S0 mM Tris-HCl (pH 8.4), 1 mM
dithiothreitol and 250 mM sucrose for 90 min. The
suspension was then centrifuged in an Eppendorf
microcentrifuge for 5 min, and the enzyme ac-
tivities in the supernatants and mitochondrial
pellets were assayed.

3. RESULTS AND DISCUSSION

Fig.1 shows the rate and extent of incorporation
of phosphate from ATP into the structural site of
ATP citrate-lyase, as catalyzed by the catalytic
subunit of cyclic AMP-dependent protein kinase.
The incorperation reaches a piateau near a level of
two phosphoryl groups per tetramer, a value that
is consistent with an earlier suggestion [1] of half-
sites reactivity for phosphorylation of this enzyme.
Thus, the phosphorylated enzyme that was used
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Fig.2. Lack of effect of phosphorylation on the
distribution of ATP citrate-lyase between mitochondrial
and soluble fractions.
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routinely in this study was obtained after 90 min of
incubation under these conditions, when the incor-
poration is near maximal.

Prompted in part by earlier reports of fractional
association of ATP citrate-lyase with mitochon-
dria [16], we undertook this direct in vitro study of
the effects of phosphorylation on mitochondrial
binding of the enzyme. The results, shown in fig.2,
indicate no significant effect of structural
phosphorylation on the small fraction of enzyme
activity (~5%) that sediments with mitochondria.
A similar portion of enzyme binding t¢ mitochon-
dria was consistently observed in these ex-
periments; no activity was found to be associated
with the isolated mitochondria before addition of
pure enzyme, however, and no activity was
precipitable if the mitochondria were lysed prior to
use by the addition of Triton X-100 (not shown).
It thus appears that a small fraction of the enzyme
binds reversibly to the outer membrane of the
mitochondria, but that the strength of binding is
not influenced by phosphorylation. These data
therefore argue against mitochondrial association
as an explanation for the immobilization of en-
zyme that has been observed [15] in permeabilized
cells that had been treated so as to increase in-
tracellular cyclic AMP levels.

One notable characteristic of signal sequences
for targetting of cytoplasmic proteins for
mitochondrial translocation is their charge
distribution. Survey of a selection of such signal
sequences shows, in addition to the preponderance
of hydrophobic and hydroxyl-containing side
chains, an abundance of basic amino acids. Acidic
residues seem to be generally absent from
mitochondrial signal sequences {see [21] and
references therein). Thus, one could argue that
phosphorylation near the N-terminus of a protein,
such as at the structural site of ATP citrate-lvase,
could interfere with its interaction with a receptor
on the cytoplasmic surface of the mitochondrial
outer membrane, and that this could be a part of
a regulatory mechanism governing intracellular
distribution of this enzyme and perhaps others.
The present results do not support such a concept.
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