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Phosphorylation of Recombinant Human ATP:Citrate Lyase by cAMP-Dependent
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Citrate and Increases the Enzyme Activity. Allosteric Activation of ATP:Citrate
Lyase by Phosphorylated Sugars
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ABSTRACT: Recombinantly expressed human ATP:citrate lyase was purified Eoooli, and its kinetic
behavior was characterized before and after phosphorylation. Cyclic AMP-dependent protein kinase
catalyzed the incorporation of only 1 mol of phosphate per mole of enzyme homotetramer, and glycogen
synthase kinase-3 incorporated an additional 2 mol of phosphate into the phosphorylated protein. Isoelectric
focusing revealed that all of the phosphates were incorporated into only one of the four enzyme subunits.
Phosphorylation resulted in a 6-fold increaseMpax and the conversion of citrate dependence from
sigmoidal, displaying negative cooperativity, to hyperbolic. The phosphorylated recombinant enzyme is
more similar to the enzyme isolated from mammalian tissues than unphosphorylated enzyme with respect
to the K, for citrate, CoA, and ATP, and the specific activity. Fructose 6-phosphate was found to be a
potent activator (60-fold) of the unphosphorylated recombinant enzyme, with half-maximal activation at
0.16 mM, which results in a decrease in the appakgntor citrate and ATP, as well as an increase in

the Vmax Of the reaction. Thus, human ATP:citrate lyase activity is regulated in vitro allosterically by
phosphorylated sugars as well as covalently by phosphorylation.

Although hormone-directed phosphorylations of adipose changes, by regulating the cytosolic concentration of citrate,
and liver ATP:citrate lyase (ACL)(EC 4.1.3.8) was first  could modulate both glycolysis, by inhibition of phospho-
described 25 years agb-4), their physiological role is still ~ fructokinase {1—13), and fatty acid biosynthesis, by allo-
not known. ACL is a homotetramer (440 kDa) that catalyzes steric activation of acetyl-CoA carboxylase (ACQM].
the formation of acetyl-CoA and oxaloacetate (OAA) inthe  Rat ACL gene expression and protein content are increased
cytosol from citrate and CoA with the hydrolysis of ATP to  at the transcriptional level by caloric intake and insulin, and
ADP and phosphate5). This step is a major source of are decreased by starvation and in diabetes mell&us5).
cytosolic acetyl-CoA that is used in the biosynthetic pathways The in vivo phosphorylation of mammalian ACL also
of fatty acids, cholesterol, and acetylcholi@e-Q). This was changes in response to nutrients and the hormonal milieu in
made evident in experiments employing hydroxycitrate, a cultured hepatocytes and during the differentiation of 3T3-
competitive ACL inhibitor which was found to severely L1 cells into adipocytesi).
reduce the rates of fatty acid and cholesterol biosynthesis Three regulatory phosphorylation sites in ACL have been
(6). Recent findings suggest that ACL may also play an dentified (17) that are distinct from the catalytic autophos-
important role in gluconeogenesis, as it catalyzes the phorylation site (His 760), an intermediate in the catalysis
formation of a significant portion of cytosolic OAA, amajor  of the enzyme 18, 19). These are Thr 446 and Ser 450,
gluconeogenic precursof@). Furthermore, ACL activity  which are phosphorylated by glycogen synthase kinase-3
(GSK-3) (17, 20), and Ser 454, which is phosphorylated by
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isoelectric focusing; IPTG, isopropyl-1-thj-p-galactopyranoside; ; ; ;
OAA, oxaloacetate; PKA, catalytic subunit of cCAMP-dependent protein The overall phosphorylation state of ACL varies widely

kinase; PMSF, phenylmethylsulfonyl fluoride; rACL, rat ACL; SBS depending on the hormonal Qha”enge- For example, insulin
PAGE, sodium dodecy! sulfatgolyacrylamide gel electrophoresis.  decreases ACL phosphorylation at Thr 446 and Ser 460 (
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17) by inhibiting GSK-3 activity 81) and/or by activation = were from Boehringer Mannheim Corp. SBBAGE mo-
of a phosphatase3®), whereas it increases the phosphory- lecular weight standards, high range (regular or prestained),
lation of Ser 454 catalyzed by an “insulin-stimulated kinase”. and Kaleidoscope prestained markers were from Bio-Rad.
This site is also phosphorylated in response to glucagon orSephacryl S-200, Sepharose CL-4B, and Immobiline Dry-
p-adrenergic receptor agonists, via the activation of PKA Plates (pH 47), broad p kit, and reagents were from
(24, 33). Pharmacia Biotech. Restriction enzymes, Taq Track sequenc-
Despite these changes in ACL phosphorylation due to ing kit, and dNTP were obtained from New England Biolabs.
hormonal or dietary manipulations, it had not been possible All other reagents and solvents were of reagent grade.

to show any significant concomitant alteration in ACL  \jethods.Oligonucleotides complementary to the &nd
activity as a function of these challenges, when enzyme wasg_ntransiated sequences of the ACL cDNA were synthe-
assayed in cell lysatesg, 34) or in preparations purified  gjzed on an Applied Biosystems 381A DNA synthesizer.
from tissues &3, 35). Covalent regulation of ACL activity — amplification was carried out in a Corbett fast thermal
was consequently dismissed as being insignificant in the sequencer using a thermocycler programmed for 35 cycles
regulation of fatty acid or cholesterol synthesis. This notion ¢ qenaturation (30 s at 92C), annealing (30 s at 5%C)

was reinforced by the fact that ACL, as isolated from g4 extension (3 min at 7). E. coli strains were grown
mammalian tissues, or expressed in insect or Chinese hamstgf, | B media (pH 7.5) at 37 or 25C for approximately 6 h
ovary cells, is already phosphorylated to varying degrees, \, o, — 1 0. The antibiotics used for colony selection were
before or during isolation36, 37), as well as the enzyme’s 55 follows: ampicillin, 100ug/mL for all strains; and
known susceptibility to proteolysis), all of which con- chloramphenicol, 17g/mL for pLysS-containing strains,
tribute to the ambiguities prevalent in the literature regarding 4q/0r kanamycin, 30g/mL for pGroESL-containing strains.
ACL regulation. It thus became apparent that to clearly define g, the protein inductions, a single colony was used to

the covalent regulation of ACL activity, it would be jq40ate LB medium containing the appropriate antibiotic-
necessary to purify an enzyme form free of posttranslational (s), and cultures were shaken for ab8uh at 25°C until
modifications. Because eukaryotic enzymes expressgd in Ae(;o reached between 0.5 and 1.0. The medium was made
coli are known to be relatively free of such processing, we 25 mM glucose and 0.5% viv glycerol, the induction of ACL

have “S?‘d this system to express the human and rat ACL Nyas initiated by the addition of IPTG to the medium to a
a catalytically active unphosphorylated form, and to kineti- ¢ concentration of 1 mM, and growth was continued for

cally characterize the effects of phosphorylation, and of 24 h. Aliquots were removed at different times of the

allosteric effec_tors. We report h9rei” that hA(.:L is phos- induction, and bacterial proteins were analyzed by SDS
phorylated in vitro on only one of its four subunits, and that PAGE

its activity is increased both by phosphorylation and by

phosphorylated sugars. Human cDNA was amplified from full coding length

hACL cDNA by PCR using synthetic oligonucleotide primers
MATERIALS AND METHODS complementary to the immediaté and 3-sequences of the
cDNA and encoding unique restriction sites. TheBmers

Materials Full-length h tli DNAs of ACL
arenas Full-ieng uman and rat liver ¢ S of AC coded arlNdd restriction site and the hACL initiation codon,

in pBluescript were a gift of Dr. M. O. Elshourbagy, )
SmithKline Beecham Pharmaceuticals. The pET3a and and were com,plementary to the13+13 region of the
PET15b expression vectors and h&stcoli strains, BL21- sequence. The'rimer encoded &indlll restriction site,
(DE3) and BL21(DE3)pLysS, were obtained from Novagen. Complementary to bases 3343387 of the hACL sequence

A plasmid encoding the bacterial chaperonins GroES and (3_6’ _37)’ and also modified th_e amtran_slated sequence to
GroEL (pREP4-GroESL) was a kind gift of Dr. M. Stieger, eliminate a naturally occgr_nng\ldel site. The refsul_tmg
Hoffmann-La Roche, Basel, Switzerland. Rabbit polyclonal Product (3.4 kb) was purified by electrophoresis in 1%
antibodies against purified rat ACL holoenzyme, for immu- 29arose gels, digested witiidel and Hindlll, and ligated
noprecipitation and Western blotting studies, were obtained "¢ the similarly ‘digested T7 RNA polymerase-based
as previously described ). GSK-3 was purified as previ-  €XPression plasmid pET3a, and the product was used to

ously described20, 38). CoA, ATP, NADH, o-fructose transform competert. coli (71/18 strain). Thus, the entire
6-phosphateo-g|uc63e 6-phos,phate-’fructose' 2.6-diphos-  translated sequence of human ACL was subcloned in pET3a

phate,p-fructose 1,6-diphosphate;xylulose 5-phosphate, downstream of the10 promoter which is high'ly specific
p-glucose 1-phosphate;ribulose 5-phosphate, 6-phospho- foF T7 RNA polymerase 39), and was designated as
gluconic acidp-ribose 5-phosphatererythrose 4-phosphate, hACL.pET3a. The plasmid DNA was isolated and purified,
pL-glyceraldehyde 3-phosphate, phospho(enol)pyruvate, glyc-and both strands were sequenced by automated DNA
erol 2-phosphate, glycerol 3-phosphate;1-glycerophos- sequencing and were |dent_|cal to hACL38(37), suggest-
phate, uridine Sdiphosphoglucose-(+)-glucoseL-glucose, g that no changes were introduced by PCR.
N-acetylp-glucosamine L-a-phosphatidylinositol p-myo- Rat liver ACL was subcloned using the same strategy, by
inositol 4,5-bisphosphate;myoinositol 1,4,5-trisphosphate, amplifying the coding sequence of rACL cDNA using PCR
p-myoinositol 1,3,4,5-tetrakisphosphate, malic dehydroge- with two oligonucleotide primers: one encoding hidd
nase, and PKA were from Sigma.-f?P]JATP (10 mCi/mL), restriction site and the translation initiation, and the other
ECL kit, and Western blotting reagents were from Amer- encoding arEcaRl restriction site. The resulting plasmid was
sham. Ampicillin, IPTG, and DTT were from U. S. Bio- designated as rACL.pET3a. We have also subcloned the
chemical Corp. Acrylamide, as a 40% solution, bis- hACL and rACL sequences into a pET15b vector, which
acrylamide, as a 2% solution, T4 DNA ligase, and calf encodes ACL as a fusion protein with six amino-terminal
intestinal alkaline phosphatase (molecular biology grade) histidyl residues.
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The protein concentration of the soluble cell lysate was standard assay mixture consisted of 50 mM Tris-HCI (pH
measured by the Bradford Bio-Rad Protein Assay using 8.0), 10 mM MgC}, 1.9 mM DTT, 0.15 mM NADH, 0.07
bovine serum albumin as a standard. The amount of hACL mM CoA, 1 mM ATP, 2 mM potassium citrate, and 3.3
in the purified enzyme fraction was estimated from the units/mL malic dehydrogenase. Assays were conducted at
Coomassie Blue staining intensity of the ACL subunit after 25 or 37°C in a temperature-controlled Beckman recording
SDS-PAGE, using bovine serum albumin as a standard, andkinetic spectrophotometer.

the protein concentration of the sample. ACL activity was  Kinetic StudiesAll kinetic experiments were carried out
measured in the bacterial extracts using the malic dehydro-gt 37 °C by varying one substrate concentration while
genase coupled assay. For the extract preparation, bacterigeeping the concentrations of the other constituents constant
were harvested by centrifugation at 5@0@r 10 min and  and at more than 5 times thess, values. All constants were
resuspended in 50 mM Tris-HCI buffer, pH 8.0, containing calculated by Sigma Plot (Version 4.01) statistical analysis
1 mM EDTA, 100 mM NaCl, 0.5 mM 2-mercaptoethanol, function. The apparen¥max and Ky, values for citrate (for
25% glycerol, 2vg/mL aprotinin, lug/mL pepstatin A, 100 poth PKA and PKA- and GSK-3-phosphorylated forms of
ug/mL PMSF, and 1 mg/mL lysozyme. The cells were hACL), CoA, and ATP were calculated by computer fitting
disrupted by three cycles of freezing and thawing, and the the initial data to the hyperbolic form of the Michaetis
cell debris was removed by centrifugation. Standard molec- pjenten equation by a double reciprocal plot of Lersus
ular biological techniques were used for all these procedures.|/s |n experiments to determine citraig, CoA and ATP
Plasmid DNA was purified by CsCl isopycnic ultracentrifu- were maintained constant at 0.07 and 1 mM, respectively,
gation @0), and sequencing was done with dideoxy chain and citrate concentrations were varied from 0.05 to 5.0 mM.
termination §1) using Tag DyeDeoxy Terminator kits from  For ATP K, determinations, CoA and citrate were main-
ABI and the appropriate vector or internal primers. Routine tajned constant at 0.07 and 2 mM, and ATP concentrations
analytical procedures, including SBPAGE and Western  \ere varied from 0.125 to 2 mM. In Col,, determinations,
blotting, were performed as describelb(42). Isoelectric citrate and ATP were held constant at 2 and 1 mM,
focusing studies (IEF) were performed as described in the respectively, and CoA concentrations were varied from 4 to

protocols supplied by Pharmacia Biotech. 40uM. S5, Aos, and the Hill coefficient values for substrates
Phosphorylation StudiesPhosphorylated hACL forms  and allosteric activators were determined by analyzing the
were prepared by incubating the enzyme at@in 50 mM data according to a transformation of the Hill equation: log-

Tris-HCI (pH 8.0), 0.5 mM EDTA, 5 mM MgGl 4 mM (/Vmax — v)) = Ny log S — log K, wherev is the ACL
DTT, and 0.5-2 mM ATP (0.1 mM when using[-**P]JATP  catalytic rate,n is the Hill coefficient constantS is the
with specific activity 1250 cpm/pmol) with PKA or GSK-3  concentration of citrate, anld is a constant. Under these
or with both kinases. Freeze-dried PKA that had been conditions, the constank] is S5 and approximates thén,
reconstituted at 4C with water containing DTT (5Qug/ value predicted by the Michaetisvienten equationV, for
L) and glycerol [final concentration 35% (v/v)] was stored  the Hill equation was estimated hyversusu/S plot. All
at —20 °C. ACL concentration in the phosphorylation experiments were repeateet8 times, and the standard error
mixture was 4Qug/mL. To measure phosphorylation, samples in the determinations dkm, S5, Hill coefficient, andVinax

were preincubated for 5 min at 2& in the phosphorylation  values did not exceed 20% between independent assays.
reaction mixture without ATP. Reactions were initiated by

the addition of {-?P]ATP. Samples were removed (&0) RESULTS
at different time intervals, and the reaction was terminated
by the addition of “sample buffer”, so that the final Expression of hACL and rACIEour E. coli strains were
concentration contained 0.1% SDS, 10 mM Tris-HCI (pH transformed with hACL.pET3a or hACL.pET15b plasmids
7.5), 10 mM 2-mercaptoethanol, 10% (v/v) glycerol, and !0 optimize the recombinant expression: (1) BL21(DE3), a
0.002% Bromphenol blue. Samples were boiled for 5 min. 4 lysogen carrying a single genomic copy of the T7 RNA
ACL was resolved from other proteins by SBBAGE on polymerase gene under the control of the inducible lacUV5
7.5% polyacrylamide gels. The gels were stained with promoter; (2) BL21(DE3)pLysS carrying pLysS, a pET-
Coomassie brilliant blue, and the protein content of the ACL compatible plasmid that produces T7 lysozyme, thereby
band was estimated as described. After destaining in 7.5%reducing the basal level of target gene transcription; and (3)
acetic acid, gels were either dried or exposed wet (wrappedBL21(DE3)pGroESL or (4) BL21(DE3)pLysS/pGroESL,
in “Saran Wrap”) to X-ray films overnight. Washing the gels €ach containing a plasmid that coexpresses the two bacterial
in acetic acid removed all catalytic phosphate, so that chaperonins GroES and GroEL, which have been reported
incubations with §-32P]JATP but without PKA showed no  to increase the folding, solubility, and biological activity of
radioactivity associated with the ACL subunit. For quanti- eukaryotic proteins expressed ki coli (43).
fication, the ACL subunit was excised and placed in a vial ~ As shown in Figure 1, expression of hACL in the four
containing scintillation fluid for radioactivity measurement bacterial strains showed that the highest yield of ACL protein
by scintillation spectroscopy. For calculation purposes, the was obtained using the BL21(DE3)pGroESL strain. Our
subunit molecular mass was 120 kDa. For kinetic analysis initial attempts to purify N-Hi&tagged ACL on nickel
after phosphorylation, samples were cooled on ice, glycerol columns were unsuccessful, even though the His-tag ap-
was added to 35% concentration, and they were stored atpeared to have no effect on either the yield or the kinetics
—20 °C until use. of ACL (data not shown). We then substituted pET3a for
Assay of Enzyme Acily. ACL activity was assayed by the the His-tag encoding vector pET15b and carried out all of
coupled malic dehydrogenase meth&d42). One unit of the studies reported in this paper on nonfusion ACL purified
activity equals umol of NADH oxidized/min at 37C. The by conventional means.
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12 34 5 67 89 101 12 |pa The apparent molecular weight of the induced band
corresponded approximately to 120 000, the expected value
o <200 for the hACL subunit, consistent with a deductét] of

121 419 of the 1105 amino acid sequent® (6, 37). This
value is also in good agreement with the appafdptof

:: :': - :a : ‘_ ™% “18 approximately 120 000 on SDSPAGE for the ACL subunit
- - 1 Bt 1 purified from mammalian tissue8,(4).
=Ew B e Based on activity measurements, the yield of soluble and
< : enzymatically active ACL protein was estimated to be about
‘%i = e 20 mg/L, with little or no ACL activity detected in extracts
- 4 R . «43 from bacteria transformed with vector alone. The expression
g‘- : e s r ~ “ of both rACL and hACL at room temperature was detected
& L as early a 2 h after induction, and the recombinant protein
FiGure 1: Expression of hACL in four strains ¢&. coli. Bacterial continued to accumulate for at least 24 h, with 18 h of

cells transfected with N-HihACL.pET15b were lysedt® h (lanes  induction being optimal for the highest amount of enzymati-
1,4,7 10), 18 h (lanes 2, 5, 8, 11), and 24 h (lanes 3, 6, 9, 12) ¢4l active recombinant hACL. With longer induction times,
after addition of IPTG. Lysate proteins were resolved by SDS | f - f ACL d in the i ubl
PAGE, and the gel was stained with Coomassie Brilliant Blue R250. a arger raction o was recovere _'n the Inso u' e
Lanes 13, 4-6, 7-9, and 16-12 contain protein from BL21-  fraction, and there was greater proteolysis of the protein.
(%EQ’?E’gIl-Zt(DEg)pL)/I.SS{ B.L21(DE3)p?r°FS':|gha“d B'—Ztl.(DE:”)]; Purification of hACL.Bacterial cell extracts from BL21-
pGroESL.pLysSE. coli strains, respectively. The migrations o - .
molecular mass markers are as indicated. (DES)pGrOESL Contam”_]g the hACL.pET_3{i p_lasm'd were
fractionated by ammonium sulfate precipitation, and the
hACL was purified by gel filtration and anion exchange
A B chromatography (DE 52). The inclusion of 10% glycerol and
o kDa kDa 2—10 mM citrate in all buffers during purification and
Time of induction, h v i d th d stabili f ACL
011 2 46 18 24 012 4 6 24 storage greatly increased the recovery and stability of
as shown in refl4. Bacteria were harvested by centrifugation,

200 200 washed 3 times with 10 mM potassium phosphate (pH 7.5),
containing 0.1 mM EDTA and 10 mM NacCl, and stored as
- ---"1;?““ ~ =t a frozen “wet cell pellet” (approximateB g of packed cells
j - (> per liter of culture). All subsequent steps were carried out
6 gy, = S g at 4 °C. Packed cells were suspended in approximately 5
5 ” volumes of lysis buffer A [10 mM potassium phosphate (pH
CEEE o 7.5), 5 mM potassium citrate, 0.2 mM EDTA, 15 mM
o ~ 2-mercaptoethanol, 10% glycerol, 0.2 mM PMSF, andyd
o e bamdd mL each of pepstatin, aprotinin, and leupeptin] and lysed
o . - by sonication on ice with 10, 30 s bursts alternating with 30
2N BB s of cooling. The lysate was clarified by centrifugation.

Saturated ammonium sulfate was added to the supernatant
FiGURE 2: Immunoreactivity of hACL expressed in BL21(DE3)- to a 15% final saturation, and the resulting precipitate was
PGroESLE. coli. Bacterial cells were transfected with hACL.pET3a. removed by centrifugation. The supernatant was then ad-
Cells were lysed at various time intervals after the addition of IPTG. justed to 40% saturation with ammonium sulfate, and the

Proteins in the lysate were resolved on duplicate SBAGE. One L . .
set of samples was transferred to nitrocellulose, and after incubationPr€CiPitated ACL was collected by centrifugationm bh at

with anti-ACL antibodies, the enzyme subunit was visualized by 2800@. The pellet was dissolved in a minimal volume of
Western blotting by enhanced chemiluminescence (panel A). The buffer A, and the sample was loaded onto a Sephacryl S200

other gel was stained with Coomassie Brilliant Blue R250 (panel gel filtration column (50 cmx 1.5 cm) equilibrated with

B). The times elapsed after induction by IPTG and the migration buffer A. The column was eluted with 120 mL of buffer A

of molecular mass markers are as indicated. ; - . . ’
and the fractions containing the peak of activity were pooled.

The sample was then applied to a DE 52 anion exchange
To confirm that the expressed protein was immunologi- column (50 cmx 2 cm), equilibrated with buffer A,

cally the ACL subunit, cells were harvested at different time containing 10 mM potassium citrate and 5 times the
points, and protein was resolved in duplicate on polyacryl- concentration of all protease inhibitors (buffer B). The
amide gels (Figure 2), one of which was transferred to column was washed with several volumes (800 mL) of
nitrocellulose for Western blots. A single band of immuno- equilibration buffer until theA,go approached that of the
reactive ACL subunit was detected in the induced bacteria buffer alone. Protein was eluted from the column with an
that was minimally visible in uninduced bacteria, but was 800 mL linear gradient of 26200 mM phosphate in buffer
absent in cells carrying vectors only (data not shown). An B. ACL eluted at about 50 mM phosphate, and fractions
immunoreactive band(s), in low abundance, was (were) notedcontaining enzyme activity were pooled. The enzyme
at the region of the gel in which the chaperonin Gro EL preparation was concentrated about 5-fold, by ultrafiltration
migrates. This immunoreactivity may represent a spurious on Biomax-100K NMWL membranes (Amicon), to a final
antibody binding to Gro EL or to a proteolytic product of, protein concentration of 0.2 mg/mL, glycerol was added to
or partially synthesized ACL. 35% (v/v) concentration, and the preparations were stored
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Table 1: Purification of Human ATP:Citrate Lyase Expresseé.in A
colid
volume protein activity sp act. purification yield v °
step (mL) (mg) (units) (units/mg) (x-fold) (%) o 4001
=)
cell-free 27 1262 105 0.083 1 100 < 350 |
extract =
15—-45% 9.1 876 73.6  0.084 1° 60.6 £ 200 m"‘é"
(NH).SC, g 53 B
precipitate @ 250 23 01
Sepharose 45 105 21.9 0.209 25 20.9 g 1 23
4B-200 > ag
DE 52 9.1 1.9 38 20 24.1 3.6 5 200 00 L : —_—
0 40 80 120
@ Human liver ATP:citrate lyase was expresse@iL of LB media. Q 150 | min
The expressed protein was purified and assayed as described under 4 . _ . N
Methods.” These values are underestimated as, Mid inhibits ACL D g0 4 ¢
L o
activity.
50 L . . . . . .
1 2 3 4 0 20 40 60 80 100 120
kDa
200 » —— Time, min
116 > — ACL FiGurE 4: Effect of phosphorylation on hACL activity. Panel A:
97+ _— hACL was incubated as described under Methods with 1.0 mM
66+ - - ATP but without kinase @), with PKA (O), or with PKA and
= = GSK-3 (v). Enzyme activity was measured at various time intervals
.’ i as described under Methods. The final concentrations of citrate,
45 = CoA, and ATP in these assays were 2, 0.07, and 1 mM, respectively.

— —

Inset panel B: Phosphate incorporated into hACL, by PKA and
Ficure 3: Purification of hACL expressed i. coli cells. Proteins 0.1 mM [y-32P]ATP. At various time intervals, 26L aliquots from

at each step of purification were resolved by SEIFAGE and the reaction mixture were mixed with A of 5x SDS sample
stained with Coomassie Brilliant Blue R250. Lane 1, lysate soluble buffer and heated at 100C for 5 min, and the mixture was
proteins from BL21(DE3)pGro cells prior to IPTG induction, 10 subjected to SDSPAGE. The radioactive hACL band was cut from
ug; lane 2, lysate proteins after IPTG induction, &§; lane 3, the gel, and phosphate incorporation was measured.

proteins after gel exclusion chromatography /&0 lane 4, proteins

after DE 52 chromatography,/4g. Molecular mass standards are

as indicated. 120 kDa on SDSPAGE, and taking into account its cDNA

amino acid sequence, 37), it is suggested that the 480

at—20°C. The specific activity of the final preparation was kDa holoenzyme assumes an eccentric shape in solution.
typically 2.0 units/mg at 37C. Phosphorylation of hACLUnlike previous reports con-
cerning ACL expressed in insect or Chinese hamster ovary
cells 36, 37), hACL as isolated fronk. coli appears to be
unphosphorylated. The incorporation of phosphate into hACL
protein catalyzed by PKA, with respect to time and its effect
on ACL activity, is shown in Figure 4. In 10 separate

Recombinant enzyme differed from that purified from experiments there was a significant and rapid increase in
mammalian tissues in not showing any evidence of pro- €NZyme activity that broadly correlated with its phosphory-
teolysis on SDSPAGE after storage at20 °C for 1 year lation reaching a maximum when 0.25 mol of phosphate was
or after incubation at 30C for 4 h. The minor lower  incorporated per subunit or up to 1 mol/mol of holoenzyme.
molecular weight bands, noted on SPBAGE, were not This value is lower than that found previously—«2 mol/
consistent with their being proteolytic cleavage products, as mol of holoenzyme)_, using enzyme purified frpm fat or liver
they were not immunoreactive on Western blots and not (5. 28, 34—36). This level of phosphorylation was not
radioactive when the holoenzyme was first phosphorylated increased by varying the concentrations of the reaction
by PKA and GSK-3 using)[-*P]ATP as phosphoryl donor. ~ components, by increasing the ratio of catalytic subunit to
The relative amounts of these protein bands compared tohACL, or by increasing the time of incubation to 24 h, or

the major hACL band did not increase during storage or after 2 h of incubation by adding extra PKA and ATP
incubation of hACL as described above. followed by anothe 2 h of incubation (data not shown).

These results are consistent with experiments that also
showed that the incorporation of phosphate into glycogen

Aliquots from the various steps of the purification were
assayed for enzyme activity and analyzed by SPAGE
(Table 1 and Figure 3). Using this purification scheme, about
2 mg of an approximately 80% pure preparation of hACL
could be obtained frm 2 L of bacterial culture (Table 1).

To further characterize hACL, the protein was studied by

gel exclusion chromatography on Sepharose 4B. Human h ften d d stoichi icallv with
ACL was eluted on gel filtration in the same relative fractions SYNthase often does not correspond stoichiometrically wit

as was bovine thyroglobulin (669 kDa). This result is in e number of sites expected to be phosphoryla2&d2s).
accord with findings using hACL cloned in baculovirus- As previously reported2@, 47), unphosphorylated hACL
infected insect cells37), and ACL from oleaginous yeast was not a substrate for phosphorylation by GSK-3 added
(45) and green sulfur bacteriurd), as these findings also  alone. However, when hACL was first phosphorylated by
demonstrated that the enzyme eluted with thyroglobulin. As PKA to its maximum level (0.25 mol of phosphate per
ACL has been determined to be approximately 480 kDa in subunit), and then phosphorylated by the addition of GSK-
sedimentation velocity experiments)(and approximately 3, an additional 0.5 mol of phosphate per subunit could be
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1.75 {

1.50 4
ACL

1.25
Ficure 5: Isoelectric focusing of the unphosphorylated, PKA, and
PKA- and GSK-3-phosphorylated forms of hACL. After phospho-
rylation of hACL by PKA or by PKA and GSK-3, samples were
prepared for IEF as described. Lanes 1 and 4, unphosphorylated
hACL incubated without protein kinase; lanes 2 and 5, hACL
phosphorylated with PKA and GSK-3; lanes 3 and 6, hACL
phosphorylated with PKA. Panel A: Proteins were resolved by IEF 0.00 {s i . . . .
in denaturing and reducing conditions as described in the Pharmacia 0 1 2 3 4 5
Biotech Bulletin and stained with Coomassie Brilliant Blue R250 [citrate], mM

(lanes 13). The samples were allowed to enter the gel by

electrophoresis at 1.5 kV for 1 h. The samples were resolved by C
electrophoresis at 5.0 kV for 4 h. Panel B: Autoradiography of 175 |
the stained gel (lanes—6). The positions of the hACL-unphos- .
phorylated subunit (approximate isoelectric pH of 8.65), the 1.50 -
phosphorylated subunit that most likely contains three phosphate 1 55 |
groups (Ph-2, approximate isoelectric pH of 8.15), and the subunit N
that most likely contains one phosphate group (Ph-1, approximates -0 1
isoelectric pH of 8.4) are shown on the Coomassie-stained gel. A 0.75 |
broad p kit (pl range 3.5-9.3) was used to estimate the isoelectric N
points of these polypeptides. The radioactive band in lanes 5 or 6 %%
was associated with Ph-2 (lane 2) or Ph-1 (lane 3), respectively. 0.25 {

1.00 1
0.75 -

0.50 4

Enzyme activity (v), units/mg

0.25 | 5 0 5 10 15
1/[citrate], mM™

log(v/(Vmax-v))

0.00 — : . T T T
incorporated. These results are consistent with the total 01 2 3 4 5 6 1.5 1.0 05 00 05
incorporation of 0.75 mol of phosphate per mole of subunit. vi[citrate] log[citrate]

Because the results presented above are suggestive Ofigure 6: Activity of unphosphorylated hACL as a function of
single-site reactivity, i.e., only one of the subunits being citrate concentration. Assays were conducted as described under
phosphorylated, the various phosphorylated ACL speciesMethods in a total volume of 750L. Reaction was initiated by
were subjected to isoelectric focusing. Using Immobiline the addition of unphosphorylated hACL. Panel A: Velocity plot.

. . The steady-state rate of citrate cleavage normalized to enzyme
plates (pH 47) and a urea/DTT/Triton X-100 mixture, concentration was measured by varying the citrate concentration

unphosphorylated ACL was focused near pH 8.65 (Figure for fixed saturating concentrations of ATP and CoA. Curves are
5A, lane 1) as two bands, the major band focused at thisthe best fit obtained by nonlinear regression analysis of the
more acidic pH, and represented about 80% of the total €xperimental data to the sigmoidal equation. Plots B, C, and D are
protein as estimated by densitometric measurements of th erived from the data in panel A. Panel B: LineweavBurk plot.

C ie bl ined ael. Th h basic-f . Panel C: EadieHofstee plot. The curves are the best fits obtained
oomassie blue stained gel. The other, more basic-focusing,y nonlinear regression analysis of the data. Panel D: Hill plot of

band was present in all three samples and could be athe citrate binding curve of hACL. Thé., value for the Hill plot
contaminant or an oxidation product of ACL. Itis not likely ~was estimated from panel C. The degree of cooperative binding of
to be the holoenzyme as this protein should be too large toCitrate to hACL qnd th& s for citrate were determlr]ed by arjalyzmg
migrate on this gel. ACL that had been phosphorylated by the data according to a transformation of the Hill equation.

PKA focused as three distinct bands (Figure 5A, lane 3),

one of which contained all of the incorporated radioactivity of the four subunits is accessible to phosphorylation by GSK-
5B, lane 6). This band was estimated by densitometric

measurements to be about one-fourth of the total ACL. The
other two bands did not contain any radioactivity, focusing
at the same pHs as those of unphosphorylated hACL. A : -
possible explanation for the focusing behavior is that only ryla_ltlon by PKA anne_ appeared to be sufficient to fully
one of the four subunits is phosphorylated, presumably on activate ACL, suggesting that §ubsequent phosphorylation
Ser 454. ACL that had been phosphorylated by both PKA Of the enzyme by GSK-3 might affect other enzyme
and GSK-3 also focused as three distinct bands (Figure 5A, Parameters.

lane 2), two of which, about three-fourths of the total protein,  The dependence of unphosphorylated hACL activity on
focused at the same pH as the unphosphorylated enzyme an@ne substrate (citrate) is shown in Figure 6 and Table 2. At
were not radioactive. The third band, containing all of the lower substrate concentrations, the dependence appears to
radioactivity (Figure 5B, lane 5), focused at an even more follow Michaelis—Menten kinetics, but displays negative
acidic pH than any other form (pH 8.15), and constituted cooperativity at higher citrate concentrations. This is more
about one-fourth of the mass of the total protein. Densito- evident when the data are analyzed either as double reciprocal
metric analysis of the autoradiograph showed about 2.7 timesplots (Figure 6B) or as an Eadi¢loftsee plot ¢ versusu/S)

more radioactivity (12 075 arbitrary units) than that incor- (Figure 6C). A Hill plot of the citrate dependence gives a
porated into the hACL subunit phosphorylated by PKA alone. coefficient of binding of 0.65 (Figure 6D), reflecting weak
These data are consistent with the hypothesis that only onenegative cooperativity. This cooperative behavior is abolished

Effect of Phosphorylation on hACL Kinetic Properties.
Maximal hACL activity increased 3-fold with incorporation
of phosphate into the enzyme (Figure 4). In fact, phospho-
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Table 2: Steady-State Kinetic Parametdos the Unphosphorylated and Phosphorylated Forms of Human ATP:Citrate Lyase ExpreEsed in

coli

hACL form
unphosphorylated PKA-phosphorylated PKA/GSK-3-phosphorylated
Fru 6-P (1 mM) - + - + - +
Vmax (UNits/mg) - - 10.P - 10.8 -
for citrate
1.8 16.3 10.2 25.% 10.6 25.58
Kr? for citrate! (uM) - - 127 - 149 -
S (uM) 154 8 103 45 115 30
Hill coefficient® 0.65 0.49 0.91 0.58 0.99 0.62
for citrate
Km for CoA%" (uM) 2.59 2.32 2.01 2.35 2.28 2.09
Km for ATPY (uM) 41.00 2.89 41.15 4.79 37.8 4.01
Vinad® (Units/mag) 3.1 9.7 11.0 12.3 12.8 12.0
for ATP

aThe data shown are from one representative set of experinfgdédculated using the LineweaveBurk equation¢ Calculated using the

Eadie-Hofstee equatioA All other substrates were at saturating concentr
e Calculated using the Hill equatiohAssayed at 8 mM Glu 6-P, without

ations (3.5 mMIV;@Gnd 1 mM for citrate, CoA, and ATP, respectively).
1 mM Fru 6-P.

8
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FIGURE 7: Activity of the phosphorylated forms of hACL as a
function of citrate concentration. Assays were conducted and data
were analyzed as described in Figure 7. PKA-phosphoryl®gd (
PKA- and GSK-3-phosphorylatedj. Panel A: Velocity plots.
The curves are the best fit by nonlinear regression analysis of the
experimental data to a hyperbolic equation. Panel B: Lineweaver
Burk plots used for the determination of the kinetic constaiifs (
andVmay. Panel C: EadieHofstee plots. Panel D: Hill plots of
citrate binding to the two phosphorylated forms of hAGKmax
values for the corresponding Hill plots were estimated from the
equations used in panels B and C.

between ACL phosphorylated by PKA or by PKA and
GSK-3 was again noted, and both had Hill coefficient values
close to 1.0 (Figure 7D and Table 2). There was no
significant difference in th&, for citrate between unphos-
phorylated ACL and either of the phosphorylated forms of
ACL (Table 2). Similarly, there was no difference in the
Michaelis—Menten constants for CoA and ATP between the
unphosphorylated ACL and both phosphorylated forms of
hACL (Table 2). The apparent Cold,, calculated from the
Lineweaver-Burk plots, was 2.5&M for unphosphorylated
ACL, 2.01uM for PKA-phosphorylated ACL, and 2.28V

for PKA- and GSK-3-phosphorylated ACL, whereas that for
ATP was 41.QuM, 41.15uM, and 37.8uM for each form,
respectively.

ACL Actwation by Phosphorylated SugarBhe phospho-
rylation state of the site 3 domain of glycogen synthase,
which is a target for phosphorylation by GSK-37,
determines the enzyme’s sensitivity to Glu 6-P. Because there
is a homologous region to site 3 of glycogen synthase in the
phosphorylation domain of hACL, it was of importance to
test the effects of various sugar phosphates on ACL activity,
and to determine whether its enzyme kinetic values in the
presence of sugar phosphates were altered by phosphoryla-
tion. We had previously shown that rat liver ACL is activated
at 2-4 mM Glu 6-P @8). However, the extent of activation
and the reproducibility of these observations varied with the
preparation and storage of the enzyme (unpublished results).
Unphosphorylated hACL was found to be consistently
activated by Glu 6-P, with &, in the 2-5 mM range (data
not shown). The effect of Glu 6-P was to increase the
maximal rate of catalysis, up to 27-fold, with no change in
the affinities for any of the substrates (data not shown). PKA
and PKA- and GSK-3-phosphorylated hACL were also
activated by millimolar amounts of Glu 6-P but to a lesser
extent (data not shown).

Other sugar phosphates, structurally similar to Glu 6-P,

were also tested to determine if they affected ACL enzyme
when the enzyme is phosphorylated either by PKA alone or kinetics (Table 3). Among those examined, in addition to
in combination with GSK-3 (Figure 7). Glu 6-P, Fru 6-P, fructose 2,6-bisphosphate, ribulose 5-phos-
In this series of experiments, in addition to the greater phate, and fructose 1,6-bisphosphate were found to be
than 6-fold increase in specific activity with phosphorylation, activators of hACL. Fru 6-P was the most potent activator,
citrate dependence reverted to Michaeldenten distribu- causing approximately a 60-fold increase in the maximal
tion throughout the curve (Figure 7B,C). No difference activity of unphosphorylated hACL, at concentrations that
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Table 3: Effect of Different Phosphorylated Sugars and Their A
Analogues on the Activity of Unphosphorylated hATL < 80
substances activatibn substances activatibn :>.' 50 |
p-fructose 385+ 1.9 phospho(enol)-  1.3+0.2 20 .
6-phosphate (55.44 0.6) pyruvate © & 40 4
p-glucose 26.6:£1.3 glycerol 1.0+0.1 2>
6-phosphate (5.240.1) 2-phosphate 7S 304
p-fructose 13.7+2.0 bL-a-glycero- 1.0+ 01 L , |
2,6-diphosphate  (4.1+ 0.5) phosphate o®
p-fructose 3.8+ 0.7 uridine B-diphos- 1.14+0.1 8 10/
1,6-diphosphate  (1.2+0.2) phoglucose &
p-glucose 1.7+ 0.3 b-(+)-glucose 1.1H0.1 0l¢ . i . . . i i
1-phosphate 00 01 02 03 04 05 06 07
p-ribulose 55+ 0.6 L-glucose 1.6£0.1 [F6P], mM
5-phosphate (1.2+0.1)
D-Xylulose 1.3£0.1 N-acetyl- 1.0+0.1
5-phosphate p-glucosamine 10 4
6-phosphogluconic 1.2+ 0.1  L-o-phosphatidyl- 1.0+ 0.1¢ _
acid inositol 3, 054
p-ribose 1.1+ 0.1 p-myoinositol 0.94+0.1¢ g
5-phosphate 4,5-bisphosphate < 00
p-erythrose 1.0+ 0.1 p-myoinositol 0.9+ 0.1¢ %)
4-phosphate 1,4,5-trisphos- 3 951
phaté 10
pL-glyceraldehyde 1.0+ 0.1 p-myoinositol 1.14+0.19 —
3-phosphate 1,3,4,5-tetrakis- 0 10 20 30 40 20 15 10 05 00
phosphate 1/[F6P], mM” log[F6P

a All substrates at 3.5 mM, 76M, and 1 mM for citrate, CoA, and
ATP, respectively® Activation is times activated at either 10 or 1 (in
parentheses) mM.Mean 4 range,n = 3. 9 Activation at 0.01 mM.

Ficure 8: Dependence of the relative activity of unphosphorylated
hACL on [Fru 6-P]. Panel A: Velocity plots. The steady-state rate
of citrate cleavage normalized to the initial velocity without added
were an order of magnitude less than those needed for GlyFru 6-P was measured at various Fru 6-P concentrations at fixed

L . I saturating concentrations of citrate, ATP, and CoA as described
6-P activation (Figure 8 and Table 2). A 30-fold activation ;e Methods. Reaction was initiated by addition of enzyme. The

was seen at 0.1 mM Fru 6-P, which is well within the curve is the best fit obtained by nonlinear regression analysis of
physiological range for this sugar phosphate in liv&®)( the experimental data to the sigmoidal equation. Panel B: Line-
whereas maximal activation was observed at approximatelyweaver-Burk plot used for the determination 8 s. Panel C: Hill
1 mM Fru 6-P (Figure 8, Tables 2 and 3). The concentration Pot f Fru 6-P binding to the nonphosphorylated hACL. Mg
. . : value for the Hill plot was estimated from the equation used in

of fructose 1,6-bisphosphate required for half-maximal ACL ane) B
activation, or appareri, was intermediate between, Glu
6-P and Fru 6-P. The calculatéd values were 0.16- 0.09, An essential requirement for the proper kinetic analysis
3.34+ 0.32, and 0.56k 0.50, for Fru 6-P, Glu 6-P, and  of enzymes is the maintenance of primary as well as higher
fructose 1,6-bisphosphate, respectively (Table 3). The linear-grders of structure of the purified enzyme. ACL has been
ity of the LineweaverBurk plots for Fru 6-P dependence pyrified from a variety of tissues, as well as expression
is consistent with noncooperative binding to the enzyme systems, and a common denominator has been highly
(Figure 8). Similar results were found for Glu 6-P (data not yariaple kinetic and regulatory properties. Enzyme isolated
ShOW”)-_ ) ~ from eukaryotic tissues is highly susceptible to proteolysis

The binding of Fru 6-P affected almost all of the kinetic (5) as well as posttranslational modifications, which are
properties of unphosphorylated hACL. In addition to increas- probably some of the reasons for the widely diverging
ing the Vmax Of the reaction, it caused a greater than 90% specific activities reported: 0-81 units/mg of proteing—
reduction in theK, values for ATP and citrate, with little or 5 36 37, 50—53). Furthermore, in vitro phosphorylation of
no effect on theKy, for CoA (Table 2). Enzyme that was  the enzyme has also been highly variable in outcome and
phosphorylated by PKA or by PKA and GSK-3 was less pjs failed to significantly change enzyme kinetic parameters;

sensitive to activation by sugar monophosphates, Wiy a| of these observations have reinforced the conclusion that
values increasing only-23 times, compared to H#P0 times  there is no rapid regulation of ACL's activity and that the
for unphosphorylated ACL (Table 3). phosphorylation of this enzyme is inconsequential.
DISCUSSION The bacterial recombinant system used in this study relies

on the lack of posttranslational processing of eukaryotic
ATP:citrate lyase catalyzes a reaction that is central to proteins expressed in protease-deficient bacteria. Three
three important biochemical pathways: fatty acid and encouraging factors contribute to the reliability of these
cholesterol biosynthesis, and gluconeogenesis, by virtue ofrecombinant ACL preparations: a consistent specific activity,
the nature of its two products, acetyl-CoA and oxaloacetate. about 2.0 units/mg of protein (37C); the lack of any
The regulation of its activity can, therefore, be considered apparent proteolytic products; and the reproducibility of
appropriate for fuel transport and storage as well as PKA- and GSK-3-dependent phosphorylations. Phosphory-
replenishment. However, rapid regulation of ACL’s activity lation of these preparations catalyzed by PKA was found to
by changes in caloric intake and hormones has not beenincrease the maximal activity of the enzyme by approxi-
shown. mately 3-6-fold. These observations suggest a reason for
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the inconsistent specific activities previously reported, a homotropic allosteric enzyme with respect to citrate,
namely, variable degrees of phosphorylations, either in the displaying negative cooperativity at higher citrate concentra-
cell or during isolation, producing an enzyme with variable tions (Figure 6). In some enzyme preparations, non-Michae-
specific activities. The kinetic parameters of in vitro phos- lis—Menten dependence of the rate of citrate cleavage on
phorylated hACL were found to be similar to those of ACL citrate concentration had been observed previously but not
purified from mammalian tissues or those expressed in studied 85, 56—58). This behavior, in our preparations, is
eukaryotic cells 36, 37), which is consistent with the above abolished by PKA-catalyzed phosphorylation (Figure 7). The
explanation. physiological significance of negative cooperativity for the
Since all the data appear to indicate the phosphorylation unphosphorylated enzyme in the cell (Figures 6 and 7) could
of only one of the four subunits, we conclude that the enzyme be the maintenance of a constant ACL activity throughout a
displays single-site reactivity with respect to phosphorylation; wide range of citrate concentrations. Phosphorylation of the
i.e., the phosphorylation of one subunit has an inhibitory enzyme, by eliminating the negative cooperativity with
effect on the phosphorylation of the other three subunits. respect to citrate, would convert ACL into a form that is
One possible explanation for the increased level of phos- even more active at lower citrate levels, and its increased
phorylation of ACL isolated from mammalian tissues could activity would tend to inhibit a rise in citrate concentration,
be a partial unfolding or proteolysis of the enzyme that which might be inappropriate during catabolism.
abolished the single-site reactivity and/or exposed heretofore Because the allosteric regulation by citrate primarily affects

“unavailable” phosphorylation site§)(

the rate of the enzymatic reaction, the enzyme is classified

The dependence of GSK-3-catalyzed phosphorylation onas aVnax type homotropic allosteric enzymé&9), and is

PKA-phosphorylated hACL, which is consistent with previ-
ous results, using enzyme from mammalian tiss28s38,

consistent with the finding that a maximum of only 2 mol
of phosphate is incorporated at the catalytic histidyl residue

47), suggests a hierarchal order, similar to that described for per enzyme tetrame6(). According to the negative coop-
glycogen synthase, cAMP-dependent protein kinase R Il erativity model 61), binding of the first ligand molecule to
subunit, inhibitor-2 of type 1 phosphatase, G-subunit of type one of the four potential catalytic sites decreases the affinity
1 phosphatase, hormone-sensitive lipase, and AZBC All of the other sites on the enzyme for ligand. In the nonco-
of the changes in ACL'’s kinetic parameters were observed operative form, it is proposed that all citrate binding sites
with the initial PKA-catalyzed phosphorylation, with no are equivalent and noninteractive. Changes in the allosteric
further detectable changes with the subsequent GSK-3-properties of oligomeric enzymes, resulting from the modi-
catalyzed phosphorylations. It is possible, however, that fication of a single amino acid, have been report@®).(It
GSK-3-catalyzed phosphorylation of ACL could have an is not known whether the catalytic (His 760) and regulatory
effect on enzyme stability, intracellular targeting, or protein  sites (phosphorylation sites or Fru 6-P binding domain) are
protein interactions leading to specific phosphatase or all on the same or different subunits of the holoenzyme.
protease activity. Studies are in progress to determine the In addition to control of hACL activity by phosphorylation,
thermal stability and phosphatase or trypsin sensitivity of it was found that the enzyme’s activity is also regulated by
PKA- and GSK-3-phosphorylated hACL compared to the phosphorylated sugars. Fru 6-P, at near-physiological con-
unphosphorylated form. centrations (568100 uM) (49), increases the activity of
During refeeding, ACL constitutes approximately 5% unphosphorylated hACL (Figure 8). The maximal activity
of the total cytosolic protein in rodent liver and adipose of unphosphorylated hACL was increased approximately 20-
tissues 83, 54). Studies by Avruch33, 54), that measured  fold by 0.1 mM Fru 6-P, and approximately 50-fold by 0.5
ACL phosphorylation levels in vivo, found that after hormone mM Fru 6-P (Figure 8). Although th¥.x of the phospho-
stimulation the level of phosphorylation approached 0.2 mol rylated enzyme was also increased, the extent of activation
of phosphate per subunit. Based on this finding, and the factby Fru 6-P was less than that of the unphosphorylated form
that ACL activity in vitro was not altered with phosphory- (data not shown). Comparison of the effects of a variety of
lation, they suggested that ACL phosphorylation was “inci- phosphorylated and nonphosphorylated sugars on the activa-
dental”. As a significant proportion of ACL in adipocytes is tion of hACL suggests that the phosphate group at the
apparently in the unphosphorylated forfr6) and our study 6-position and the orientation of the hexose backbone are
found that the in vitro phosphorylation of hACL by PKA is  required for optimal interaction. For example, the addition
also only 0.25 phosphate per subunit, it is likely that the of an additional phosphate at the 1-position of Fru 6-P (Fru
previous in vivo studies3@) accurately measured physi- 1,6-B) or the substitution of glucose for fructose (Glu 6-P)
ological levels of phosphorylation. However, their conclusion increases the appareklt by 4- and 20-fold, respectively.
that phosphorylation had no physiological effect should be Other kinetic parameters were also affected by Fru 6-P; the
reexamined in light of the studies reported in this paper. apparenK, values for citrate and ATP, but not CoA, were
The marked activation of ACL upon phosphorylation by reduced by approximately 85% (Table 2), suggesting that
PKA is consistent with the proposed physiological conse- Fru 6-P induces a conformational change in the binding site
guences. Increased hepatic intracellular cAMP and the for this substrate. The latter are components of the first rate-
associated activation of PKA are characteristics of increasedlimiting stage of the ACL-catalyzed reaction, in which His-
hepatic gluconeogenesis. ACL activation by PKA-dependent 760 is phosphorylated by ATP, followed by the transfer of
phosphorylation, and the resulting increased production of phosphate to citrate to form citryl phosphate within the active
the gluconeogenic substrate OAA, is consistent with the site (15, 19). GSK-3-targeted phosphorylations do not

changes in metabolisni4, 55). Other kinetic consequences
of ACL phosphorylation are more difficult to explain. For

influence the interaction of hACL with Fru 6-P. In light of
these new findings, the allosteric role of sugar monophos-

example, unphosphorylated hACL was found to behave asphates on ACL activity can, therefore, be considered a
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positive feedback mechanism to ensure the maintenance ofproduction of the end product of a pathway composed of
increased gluconeogenic flux, because one of the primarymany enzymes/(). Work is in progress to express dominant
means of glucagon action to increase gluconeogenic flux is negative and positive mutants of ACL in cultured cells, in
to increase hepatic Fru 6-P at the expense of Fru 1,6-P  which the phosphorylation site(s) has (have) been either
It is proposed that the regulation of ACL activity by abolished or mimicked, to determine the contribution of each
phosphorylation and allostery can, at least in part, explain to the hormonal regulation of intermediary metabolism.
the effects of glucagon to increase gluconeogenic flux by
increasing OAA availability. Rosiers et all@) concluded =~ ACKNOWLEDGMENT
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