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Abstract ATP citrate lyase (ACL) is a cytosolic enzyme that
catalyzes the synthesis of acetyl-CoA and oxaloacetate using
citrate, CoA, and ATP as substrates and Mg as a necessary
cofactor. The ACL-dependent synthesis of acetyl-CoA is
thought to be an essential step for the de novo synthesis of
fatty acids and cholesterol. For this reason, inhibition of
ACL has been pursued as a strategy to treat dyslipidemia
and obesity. Traditionally, ACL enzyme activity is measured
indirectly by coupling to enzymes such as malate dehydroge-
nase or chloramphenicol acetyl transferase. In this report,
however, we describe a novel procedure to directly measure
ACL enzyme activity. We ﬁrst identified a convenient method
to specifically detect [ C]acetyl -CoA without detecting
['“C]citrate by MicroScint-O. Using this detection system,
we devised a simple, direct, and homogeneous ACL assay in
384-well plate format that is suitable for high-throughput
screening. The current assay consists of 1) incubation of
ACL enzyme with [ C]CItrate and other substrates/cofac-
tors CoA, ATP, and Mg 2) EDTA quench, 3) addition of
MlcroScmt O, the agent that specifically detects product
[ C]acetyl -CoA, and 4) detection of signal by TopCount.Hll
This unique ACL assay may provide more efficient identifi-
cation of new ACL inhibitors and allow detailed mechanistic
characterization of ACL/inhibitor interactions.—Ma, Z.,
C-H. Chu, and D. Cheng. A novel direct homogeneous assay
for ATP citrate lyase. J. Lipid Res. 2009. 50: 2131-2135.
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ATP citrate lyase (ACL) catalyzes the production of cy-
tosolic acetyl-CoA and oxaloacetate from citrate. In mam-
mals, the formation of acetyl-CoA is an essential step for
the de novo synthesis of fatty acid (FA) and cholesterol for
converting the carbohydrate carbon energy source into
lipids. Hence, it has been thought that ACL inhibition
would be beneficial for the treatment of obesity and dys-
lipidemia through the simultaneous inhibition of endog-
enous synthesis of FA and cholesterol.

Several citrate analogs have been reported as ACL in-
hibitors in the literature. Hydroxycitrate (HCA), a potent
competitive inhibitor of ACL (K; = 150 nM) (1), has been
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shown to inhibit the synthesis of both FA and cholesterol
and increase the LDL receptor activity (2). In vivo admin-
istration of HCA reduced plasma cholesterol and triglycer-
ides in rats (3). Of note, HCA is also thought to be the
active ingredient of CitriMax, a nutritional supplement
used in controlling human body weight (4). In obese ro-
dent models, HCA reduced food intake and body weight
gain (5). Weight loss was attributed to selective lowering of
body fat with no change in body protein composition. In
addition, SB-201076, another citrate analog with a re-
ported K; of 1.0 uM, has been tested in both rats and dogs.
SB-204990, the cell-permeable <y-lactone prodrug of SB-
201076, inhibited cholesterol and fatty acid synthesis in a
dose-dependent manner in HepG2 cells (91% and 82%,
respectively) and rats (76% and 39%, respectively). When
administered for 1 week, SB-204990 decreased plasma
cholesterol by 46% and plasma triglycerides by 80% in
rats. SB-204990 (dosed at 25 mg/kg for 2 weeks) also de-
creased plasma cholesterol up to 23% and plasma triglyc-
erides up to 38% in dogs (6).

Recently, Li et al. (7) described a 2-hydroxy-N-arylbenze-
nesulfonamides class of compounds as ACL inhibitors that
structurally deviate from citrate and demonstrate higher
cell permeability and in vivo bioavailability. Chronic admin-
istration of Compound 9 (or BMS-303141), the leading
inhibitor in this class, in high-fat-fed mice reduced weight
gain and lowered plasma cholesterol, triglycerides, and glu-
cose. All these data are consistent with the hypothesis that
ACL might be an attractive target for the treatment of meta-
bolic disorders, including obesity and dyslipidemia.

Traditionally, ACL activity is measured using coupling
enzymes such as malic dehydrogenase (MDH) (8) or
chloramphenicol acetyl transferase (9). This coupling ap-
proach, however, is an indirect measure of ACL enzyme
activity, and detailed enzymatic features or enzyme/inhibitor
interactions may be missed. To avoid the shortcomings
inherent in the coupled enzymatic assays, we describe

Abbreviations: ACL, ATP citrate lyase; HCA, hydroxycitrate; MDH,
mdllC dehydrogenase.
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in this report a novel procedure to directly measure ACL
enzyme activity in 384-well plate format suitable for high-
throughput screening.

MATERIALS AND METHODS

Materials

We obtained [14C]Citric acid from GE Healthcare and Micro-
Scint-O and 384-well PolyPlate from Perkin Elmer. All other re-
agents are the highest purity from Sigma.

Human ACL expression and purification

Recombinant human ACL was expressed and purified accord-
ing to Lord et al. (10) with minimal modifications. Full-length
human ACL coding region was cloned and expressed in Baculo-
virus Bac-N-Blue expression system (Invitrogen). Sf9 cells were
infected by the recombinant baculovirus at multiplicity of infec-
tion of 5 for 55 h. The infected cells were resuspended and soni-
cated in Buffer A (10 mM HEPES, pH 7.2, 280 mM sucrose, 2 mM
DTT, 0.24 mM EGTA, and 1 mM EDTA) supplemented with 1
mM PMSF, 1 mM leupeptin, and 1 mM pepstatin A to break the
cells. The lysate was centrifuged at 45,000 rpm in a Ti60 rotor for 1 h.
The supernatant was precipitated with 40% ammonium sulfate and
the resultant pellet was resuspended and dialyzed against Buffer
B (20 mM Tris, pH 8.0, 1 mM MgCl,, 10 mM B-mercaptoethanol,
0.1 mM EGTA). The dialysate was then purified by ion exchange
DEAE chromatography followed by gel-filtration Sephacryl S300
chromatography in Buffer C (50 mM Tris, pH 8.0, 50 mM NacCl,
2 mM DTT, 1 mM MgCl,, 10% glycerol). The active peaks were
pooled and stored in Buffer C at —80°C for future use. The re-
combinant ACL purified with this method is about 90% pure as
assessed by SDS-PAGE (supplementary Fig. I).

Direct ACL assay

The enzymatic reaction of purified human ACL was carried
out in 20 pL of Buffer D (87 mM Tris, pH 8.0, 20 pM MgCly, 10
mM KCI, 10 mM DTT) containing substrates 100 uM CoA, 400
wM ATP, 150 pM ["C]citrate (specific activity: 2 wCi/pwmol) in a
384-well PolyPlate at 37°C for 3 h. The reaction was terminated
by the addition of 1 wl 0.5 M EDTA stock to reach ~24 mM final
concentration. An aliquot of 60 wl MicroScint-O was then added
to the reaction mixture and incubated at room temperature
overnight with gentle shaking. The [14C]acety1 CoA signal was
detected in a TopCount NXT liquid scintillation counter
(Perkin-Elmer). The count time is 1 min/well and the unit of
signal is expressed as counts per minute (CPM).

RESULTS

Selective detection of [14C]acetyl CoA by MicroScint-O
Equation 1 illustrates the biochemical reactions cata-
lyzed by ACL that are conducted in the current study.

[“ c] — Citrate + CoA + ATP—2%-Mg"

[ C]- Acetyl - CoA + Oxaloacetate + ADP + Pi

Figure 1 demonstrates that MicroScint-O differentiates
the signal of [14C]acety1 CoA from that of [14C]citrate. A
series of concentrations of [14C]acetyl CoA and [MC]cit—
rate (specific activity of both: 0.67 nCi/wmol) in 20 ul of
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Fig. 1. Signal differentiation of ['*CJacetyl CoA and ['*C]citrate
in MicroScint-O. Serial concentrations of [1 C]citrate or [14C]acetyl
CoA were mixed with dilution buffer (87 mM Tris, pH 8.0, 20 uM
MgCl,, 10 mM KCI, 7.5 mM DTT). The final specific activities of
both [14C]citrate and [14C]acetyl CoA were 0.67uCi/pmol. A: Ali-
quots of 60 pl MicroScint-O were added into each well. Signals
were detected with TopCount after shaking the plates overnight at
room temperature. B: 4 ml of EcoLite LSC was added into each
scintillation vial and counted in a liquid scintillation counter.

dilution buffer (87 mM Tris, pH 8.0, 20 .M MgCl,, 10 mM
KCl, and 7.5 mM DTT) was mixed with 60 pl of Micro-
Scint-O. The signals were counted in TopCount after shak-
ing the mixtures in a plate at room temperature overnight.
As shown in Fig. 1A, [14C]acety1 CoA was detected in a
concentration-dependent manner by MicroScint-O. The
linear range of [14C]acety1 CoA signal covers 0.25 mM,
which encompasses the maximal level of [14C]acetyl CoA
expected to be generated in the ACL reaction. Further
testing demonstrated that the linearity of [14C]acetyl CoA
signal can be extended to at least 1 mM (data not shown),
indicating that MicroScint-O-based detection for [14C]ace-
tyl CoA signal is a robust system with a wide dynamic range.
In contrast, the same concentrations of [14C] citrate showed
very little signal in MicroScint-O (Fig. 1A) despite the fact
that the radioactive signals of the same series of [MC] acetyl
CoA and [HC]citrate in a classic Liquid Scintillant (Eco-
Lite, MP catalog no. 882475) were comparable when mea-
sured with a liquid scintillation counter (Fig. 1B). We
speculate that the reason MicroScint-O specifically detects
[ 4C]zlcetyl-CoA, but not [14C]citrate, is because of its spe-
cial design in cocktail physical chemical characteristics
that allow it to solubilize acetyl-CoA better than the more
hydrophilic citrate. According to the manufacturer Perki-
nElmer, the patented MicroScint-O cocktail is only suit-
able for counting nonpolar hydrophobic samples. The
cocktail does not contain surfactants; therefore, Micro-
Scint-O is not miscible with water and is unable to detect
aqueous samples.
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To mimic the signal detection conditions in a real
enzymatic assay, serial concentrations of []4C]Citrate or
[14C]acetyl CoA were mixed with reaction buffer (87 mM
Tris, pH 8.0, 20 uM MgCly, 10 mM KCI, 10 mM DTT,
0.1 mM CoA, 0.4 mM ATP, 0.01% p-lactoglobulin)
along with 30 ng human ACL and 24 mM EDTA. Micro-
Scint-O again demonstrated excellent selectivity regard-
ing differentiation of [ C]acetyl CoA signal from that
of [14C]citrate signal (data not shown). Furthermore, an
overnight time course study indicated that the [14C]acetyl
CoA signal in MicroScint-O reached maximum after
3 h of incubation. The signal was shown to be stable
(80% of the signal remained even after 5 days). For
consistency, all remaining studies described were ana-
lyzed after an overnight incubation with shaking at
room temperature.

Effect of carrier proteins

As described above, our initial data indicated that the
MicroScint-O method directly and selectively measured
[MC]acetyl CoA in a reproducible manner. However, dur-
ing the enzyme titration experiment, we found that ACL
started to lose linearity when the ACL concentration
dropped below 100 ng/reaction (data not shown). One
possibility is that the ACL enzyme may not be stable at
low concentrations. Alternatively, nonspecific protein
adsorption to plastic surfaces may cause loss of activity.
This problem was not manifested in coupled assay sys-
tems, because high concentrations of MDH or chloram-
phenicol acetyl transferase coupling enzyme may provide
a stabilizing protein environment that prevents the loss
of ACL activity. This hypothesis is supported by data in
Fig. 2. In the absence of carrier protein activity produced
by 50 ng ACL is less than one-half of that produced by 100
ng ACL (data beyond 2 h of incubation). In addition, af-
ter 3 h, no increase of activity by 50 and 100 ng ACL
was observed, indicating that the enzyme was inactivated.
Notably, nonspecific carrier proteins -lactoglobulin and
BSA, at either 0.01% or 1%, significantly increased the
activity produced by 50 ng ACL. Further, addition of these
agents also helped sustain enzyme activity beyond 3 h
at 37°C. Between these two carriers, B-lactoglobulin ap-
peared to possess a better protective result, as 0.01% of
B-lactoglobulin produced the same ACL stabilizing effects
as 1% lactoglobulin and BSA. That there is no difference
in activity between 0.01% and 1% lactoglobulin suggests
saturation of the stabilizing effect. Glycerol at 1% did not
produce any appreciable protective effect. Based on these
results, 0.01% B-lactoglobulin was selected as the routine
carrier protein for the direct ACL assay in all remaining
studies.

Concentration- and time-dependent ACL activity

To further determine the optimal ACL reaction condi-
tions, ACL concentrations and reaction time were
systematically titrated. As shown in Fig. 3, the signal
increased linearly with increasing amounts of ACL and
reaction time. When using 30 ng ACL, the reaction was
linear up to 3 h.
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Fig. 2. Effect of carrier proteins on ACL activity. The ACL reac-
tions were carried out in buffer D as indicated in Materials and
Methods. Aliquots of 50 ng or 100 ng human ACL and 150 pM
[MC]citrate (0.67.Ci/pumol) were incubated either with or with-
out various indicated concentrations of carrier proteins or stabling
agents at 37°C for various amounts of time. A total of 60 pl Micro-
Scint-O was added to each well after stopping the reaction with 24
mM EDTA. Signals were detected with TopCount after shaking the
plate overnight at room temperature.

Steady-state kinetic parameters of ACL

To determine the steady-state kinetic parameters of
ACL by the direct assay, substrate concentration-depen-
dent enzyme reactions were conducted as shown in Fig. 4.

Table 1 summarizes the K, values: 73.8 + 11.4 pM for
citrate, 4 + 2 uM for CoA, and 47 + 17 uM for ATP.
Although the K, value for citrate derived from the current
direct assay was similar compared with that determined
by the ACL/MDH coupled assay, K, values of CoA and
ATP were about 3-fold less than those determined by the
coupled assay.

Assay statistics

To evaluate the consistency and reproducibility of the
direct ACL assay, we adopted a statistical approach. The
assays were performed in two separate plates on each day
for two consecutive days. Each plate had 48 wells containing
substrates, reagents, and human ACL enzyme with the

8000
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ACL Activity (CPM)

Reaction Time (hr)

Fig. 3. ACL enzyme titration and reaction time course. The ACL
reactions were carried out in buffer D with 150uM ["'C]citrate (2
rCi/pmol) and with various amounts of human ACL at 37°C for
various amounts of time.
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Fig. 4. Substrate concentration-dependent human ACL reaction.
The ACL reactions were carried out in buffer D containing 30 ng
human ACL and the following substrates: A: 0.1 mM CoA, 1 mM
ATP, and various concentrations of [14C]Citrate (2 pCi/pmol); B: 1
mM ATP, 150 puM [14C]citrate (2 nCi/pmol), and various concen-
trations of CoA; C: 0.1 mM CoA, 150 pM ['*C]citrate (2 nCi/pmol),
and various concentrations of ATP. Reactions were carried at 37°C
for 3 h.

quenching EDTA added before the reaction to define the
background level or the minimal signal level, and 48 wells
containing all of the above except that the quenching
EDTA was added after the enzymatic reaction to define
the maximal signal level. The statistics for each plate were
calculated independently and tabulated in Table 2 accord-
ing to methods described in online supplementary data
Table I. The current direct ACL assay has a Z’ greater than
0.6, signal/noise and signal/background values greater

TABLE 1. Summary of K, values for human ACL

K, (uM) K, (nM)
Substrate Direct Assay (current study) ACL-MDH Coupled Assay”
Citrate 73.8 +11.4 98
CoA 4+2 14
ATP 47 £ 17 120

“Values reported by Lord et al. (10).
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TABLE 2. Assay statistics

Day 1 Dayl Day 2 Day 2

Assay performance statistics Plate 1 Plate 2 Plate 1 Plate 2
Signal window 14.3 17.5 8.9 7.9
VA 0.74 0.78 0.64 0.60
Signal/noise 13.6 15.9 9.9 9.3
Signal/background 9.5 9.7 11.3 10.1
Statistics for totals

No. of wells 48 48 48 48

Mean 2294 2320 2310 2325

SD 148 129 208 218

(0\% 6.5 5.6 9.0 9.4
Statistics for NSB

No. of wells 48 48 48 48

Mean 242 238 204 230

SD 27 24 46 60

(6\% 11.3 9.9 22.6 25.9

than 9, indicating that the direct ACL assay is both very
robust and highly reproducible.

Effect of reaction temperature, DMSO, and assessment
of ACL inhibitor

We also compared temperature effects on the current
direct assay. At 20°C, ACL produced one-half of the signal
compared with 37°C. However, the signal-to-noise values
were both approximately 15.

For inhibitor screening purpose, compounds were rou-
tinely dissolved in 100% DMSO with further dilution to
1% or lower in the final assay. DMSO up to 5% had no
significant effect on ACL activity.

To assess if the current assay consistently reports inhibi-
tory potencies of a given ACL inhibitor, we tested BMS-
303141 [or compound 9 in (7)] against ACL. As shown in
Fig. 5, when tested on separate days and in different plates,
the shape of the concentration-inhibition curves and the
degree of inhibition by BMS-303141 were highly reproduc-
ible. The IC;, values were determined to be 0.80, 1.00,
1.23, and 0.74 uM using four independent curves. The

__ 100} ; * Day 1 100 Day 1
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SE 75 75
= C
o 0
<O 50 50
o%

e 25 25
0 0

__ 100 Day2 | 100} <" Day 2
o= +
.g % 75 Plate 1 75 Plate 2
© o
<O 50 50
o%

IR 25 25
0 0
2 A 0 1 2 -2 -1 0 1 2

Log Concentration (uM) Log Concentration (uM)
Fig. 5. Concentration-dependent inhibition curves of ACL by
BMS-303141. The ACL reactions were carried out in buffer D con-
taining 150 M ["'C]citrate (2 nCi/pmol), 30 ng human ACL, and
various concentrations of BMS-303141. Final DMSO concentration
was 2.5%. Reactions were carried out at 37°C for 3 h.
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Table 3: Assay Comparison

Direct ACL

A
["*C]-Citrate + CoA + ATP ——»

ACL-MDH Coupled

CL ACL

(1) Citrate + CoA + ATP

Principle ["*C]-Acetyl-CoA + Oxaloacetate + Acetyl-CoA + Oxaloacetate + ADP + Pi
ADP +Pi (2) Oxaloacetate + NADH + H+ M_DI_J’
Malate + NAD"
Signal Increase of Radioactive Signal Decrease of Fluorescence Signal
Plate Format 384 - well 96 - well
Assay Volume 20 ul 100 ul
hACL (ng/well) 30 300
average value of 1G5, was 0.94 wM, with a standard error of REFERENCES

0.19 M, indicating that the assay reproducibly reports
ACL inhibitor potencies.

CONCLUSIONS

The work described here presents a novel assay for the
direct measurement of ACL enzymatic activity. The assay
design utilizes the unique ability of MicroScint-O to selec-
tively detect [14C]acetyl CoA signal from [14C]citrate.
Table 3 summarizes the major differences between the
current direct assay and the traditional ACL-MDH coupled
assays. The direct assay offers several advantages: 1) it is
conducted in 384-well plate format with lower assay
volume and 10-fold less ACL enzyme; and 2) the assay is
homogeneous where all the reagents are added and sig-
nals are detected in the same reaction vessel. In addition,
BMS-303141, a BMS ACL inhibitor, exhibited a consistent
and classic sigmoidal inhibition pattern using this assay.
The statistics parameters of the assay performance further
demonstrate that it is a robust and reliable assay amenable
to high-throughput screening Hli
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