
Identification of the Citrate-binding Site of Human
ATP-Citrate Lyase Using X-ray Crystallography*□S

Received for publication, October 22, 2009, and in revised form, May 10, 2010 Published, JBC Papers in Press, June 17, 2010, DOI 10.1074/jbc.M109.078667

Tianjun Sun, Koto Hayakawa, Katherine S. Bateman1, and Marie E. Fraser2

From the Department of Biological Sciences, University of Calgary, Calgary, Alberta T2N 1N4, Canada

ATP-citrate lyase (ACLY) catalyzes the conversion of citrate
and CoA into acetyl-CoA and oxaloacetate, coupled with the
hydrolysis of ATP. In humans, ACLY is the cytoplasmic enzyme
linking energy metabolism from carbohydrates to the produc-
tion of fatty acids. In situ proteolysis of full-length humanACLY
gave crystals of a truncated form, revealing the conformations of
residues 2–425, 487–750, and 767–820 of the 1101-amino acid
protein. Residues 2–425 form three domains homologous to the
�-subunit of succinyl-CoA synthetase (SCS), while residues
487–820 form two domains homologous to the �-subunit of
SCS. The crystals were grown in the presence of tartrate or the
substrate, citrate, and the structure revealed the citrate-binding
site. A loop formed by residues 343–348 interacts via specific
hydrogen bonds with the hydroxyl and carboxyl groups on the
prochiral center of citrate. Arg-379 forms a salt bridge with the
pro-R carboxylate of citrate. The pro-S carboxylate is free to
react, providing insight into the stereospecificity of ACLY.
Because this is the first structure of anymember of the acyl-CoA
synthetase (NDP-forming) superfamily in complex with its
organic acid substrate, locating the citrate-binding site is signif-
icant for understanding the catalytic mechanism of each mem-
ber, including the prototype SCS. Comparison of the CoA-bind-
ing site of SCSs with the similar structure in ACLY showed that
ACLY possesses a different CoA-binding site. Comparisons of
the nucleotide-binding site of SCSs with the similar structure in
ACLY indicates that this is the ATP-binding site of ACLY.

ATP-citrate lyase (ACLY, EC 2.3.3.8)3 catalyzes the reaction,
citrate � CoA � ATP3 acetyl-CoA � oxaloacetate � ADP �
Pi, in the presence ofmagnesium ions (1). ACLY is the cytoplas-
mic enzyme linking energy metabolism from carbohydrates to
the production of fatty acids.Acetyl-CoAproduced in themito-
chondria cannot be exported to the cytoplasm. Instead, acetyl-
CoA in mitochondria is transformed to citrate by citrate syn-
thase, and citrate is exported to the cytoplasm where ACLY
regenerates acetyl-CoA. This acetyl-CoA is an important pre-
cursor for fatty acid synthesis. In addition, ACLY has been
shown to signal the metabolic state of cells, likely by providing
acetyl-CoA for histone acetyltransferases in the cells’ nuclei (2).
The physiological importance of the enzyme is supported by
knock-out experiments in which mice embryos lacking ATP-
citrate lyase could not be obtained (3).
Our understanding of the reaction mechanism of ACLY has

been based on studies of this enzyme and of two enzymes with
sequence similarity to ACLY. The first is succinyl-CoA synthe-
tase (SCS), which catalyzes the formation of succinyl-CoA from
succinate and CoA using ATP (4). The second is citrate syn-
thase, the enzyme that generates citrate from acetyl-CoA and
oxaloacetate in mitochondria. The reaction catalyzed by ACLY
is thought to occur in four steps (Reactions 1–4):

ATP � E 3 E-P � ADP
REACTION 1

E-P � citrate 3 E�citryl-P
REACTION 2

E�citryl-P � CoA 3 E�citryl-CoA � Pi

REACTION 3

E�citryl-CoA 3 E � acetyl-CoA � oxaloacetate
REACTION 4

where E represents ACLY. Like SCS, ACLY is phosphorylated
by ATP on an active site histidine residue to give E-P in step 1
(Reaction 1) (5, 6). The phosphoryl group is transferred to cit-
rate in step 2 (Reaction 2). Citryl-phosphate is thought to
remain bound to the enzyme, symbolized by E�citryl-P. Phos-
phate is released in the attack by CoA to form the citryl-CoA
thioester bond in step 3 (Reaction 3) (7). In the last step (Reac-
tion 4), citryl-CoA is cleaved to give acetyl-CoA and oxaloace-
tate, the reverse reaction to that catalyzed by citrate synthase.
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ACLY, like SCS, is a member of the acyl-CoA synthetase
(NDP-forming) superfamily (8). There are five domains com-
mon to all members of this superfamily (see Fig. 1). The
domains are numbered according to their order in Escherichia
coli SCS, because this enzyme was the first member of the
superfamily to have its structure determined using x-ray crys-
tallography (9). As depicted in Fig. 1, domains 1 and 2 occur in
the �-subunit of E. coli SCS. Domain 1 binds CoA and domain
2 contains the phosphorylated histidine residue. Domains 3–5
occur in the �-subunit of E. coli SCS. Domains 3 and 4 adopt an
ATP-grasp fold (10) and bind nucleotide (11, 12). Domain 5
interacts with domain 2, providing one of the two “power heli-
ces” at whose N termini the phosphohistidine residue is bound
in structures of the phosphorylated protein (9, 13, 14). Isoform
1 of human ACLY is an 1101-residue protein (15) with all five
domains in the N-terminal portion of a single polypeptide
chain. The order of the domains is 3, 4, 5, 1, and 2 (Fig. 1).
Between domains 5 and 1 lies a stretch of residues that can be
phosphorylated on three serine or threonine residues (16–18).
The second isoform of human ACLY is 10 residues shorter in
this region. The C-terminal portion of ACLY shows sequence
similarity to the large domain of citrate synthase (19).
The crystal structure of ACLY is as yet unknown and would

be important for the design of enzyme inhibitors. ACLY has
been suggested as a drug target in the treatment of excess cho-
lesterol and fat, because it is upstreamof the production of both
cholesterol and fatty acids (20, 21). The enzyme has also been
suggested as a drug target for cancer, because cancer cells rely
to a large extent on glucose both as their energy source and for
the de novo synthesis of fatty acids (22–25). As a step in obtain-
ing the crystal structure of full-length ACLY, we crystallized a
truncated form that contains residues from domains 1–5. The
crystals were grown in the presence of tartrate or citrate and
reveal both the structure of two-thirds ofACLYand the binding
site of the substrate citrate.

MATERIALS AND METHODS

Cloning, Production, and Purification of Human ACLY—For
production of human ACLY (hACLY) in E. coli, the gene was
inserted in the pET-42b(�) vector (Novagen�). The gene was

obtained from the Mammalian Gene Collection of ATCC� as
MGC-1812. The pET-42b(�) vector would add a C-terminal
His8 tag to simplify purification. A C-terminal tag was chosen,
because a previous attempt using an N-terminal His8 tag for
purification of hACLY was unsuccessful (26). This was proba-
bly because the N terminus of the protein is likely to be buried,
as is the N terminus of the �-subunit of SCS. Oligonucleotides
KB2.1 5�-CTCTCTCTGCACATATGTCGGCCAAGG-3� and
KB2.2 5�-GCTAAGCTTCATGCTCATGTGTTCCGGAAG-
AACGTATG-3� were the forward and reverse primers used to
clone the gene. KB2.1 added an NdeI cleavage site (highlighted
in bold), whereas KB2.2 was designed to add a HindIII cleavage
site (highlighted in bold) and remove anNdeI cleavage site near
the 3�-end of the gene. The gene was amplified using these
primers and the Platinum� Pfx DNA polymerase (Invitrogen)
with an annealing temperature of 57 °C and an extension tem-
perature of 67 °C. The PCR product was purified using a 1%
agarose gel and the QIAquick Gel Extraction Kit. NdeI and
HindIII were used to cleave both the PCR product and the vec-
tor, which was subsequently purified to remove the smaller
fragment. The PCR product and vector were ligated using T4
DNA ligase. Inoue-competent (27) E. coli DH5� cells were
transformed with the ligation mixture, and five colonies were
tested for the presence of insert using restriction enzyme
digests. Two of the five were positive, and their plasmid DNA
was sequenced and transformed into the E. coli strain,
BL21(DE3). Sequencing confirmed the presence of the gene,
but showed that it still contained the NdeI restriction enzyme
site near the 3�-end. Once inserted in the vector, the gene for
hACLY had an additional 45 bases coding for the residues
KLAAALEH8 at the C terminus of the protein.

A previous work where hACLY was overproduced in E. coli
had shown that the protein was insoluble unless coproduced
with the molecular chaperone, GroEL/ES (26). 1 liter of Luria-
Bertani (LB) broth containing 25 mg/liter kanamycin and 35
mg/liter chloramphenicol was inoculated with 5 ml of an over-
night culture of BL21(DE3) containing plasmids with the genes
for hACLY, pET-42b(�)hACLY (kanamycin resistance), and
GroEL/ES (chloramphenicol resistance). The culture was
grown at 310 K to an optical density at 600 nm (A600 nm) of 0.6,
and then the temperature was dropped to 291 K, and protein
production was induced with 0.1 mM isopropyl-�-D-thiogalac-
topyranoside. After 4–10 h at 291K, the cells were harvested by
centrifugation for 15 min at 5000 rpm in a Sorvall SLA-3000
rotor. Cells were stored at 193 K in lysis buffer containing 0.1 M

KH2PO4, 0.1 M KCl, 1 mM disodium EDTA, 1% glycerol, 10 mM

2-mercaptoethanol, 1 mM benzamidine, 0.1 mM PMSF, and
0.05 M Tris-HCl (pH 7.4).
When hACLY was to be purified, the stored cells were

thawed on ice and lysed by sonication. The soluble fraction was
separated by centrifugation at 15,000 rpm in a Sorvall SS34
rotor at 277 K for 30 min. hACLY in the soluble fraction was
precipitated with 20% ammonium sulfate and collected by cen-
trifugation. The pellet was dissolved in a minimal volume of
desalting buffer containing 10 mM sodium citrate, 10 mM

2-mercaptoethanol, 10% glycerol, 1 mM benzamidine, 10 mM

Tris-HCl, pH 8.0, and desalted on a Sephadex G-25 column.
The sample was loaded on a nickel-nitrilotriacetic acid-agarose

FIGURE 1. Domain arrangements in members of the acyl-CoA synthetase
(NDP-forming) superfamily.
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(Qiagen) column and eluted with 150 mM imidazole. The final
column was a DEAE-Sephacel column equilibrated with the
desalting buffer. The protein was loaded on the column, and
then eluted with a linear gradient of 0–0.5 M NaCl in desalting
buffer. 9% SDS-PAGE gels were used to select fractions to be
concentrated for crystallization trials. The protein was concen-
trated to 10 mg/ml and quick frozen in 20-�l aliquots in thin-
walled PCR tubes (28).
Crystallization—Crystallization trials were begun with the

purified protein, but cleavage products interfered with the
experiments. To crystallize a stable cleavage product, chymo-
trypsin was added to the protein solution, and the protein solu-
tion was immediately used in crystallization trials (29). The
crystals were grown in hanging drops by vapor diffusion after
mixing 0.5 �l of the protein solution with 0.5 �l of the precipi-
tant solution. The concentration of hACLY at which the crys-
tals grew best was 5 mg/ml. The precipitant solution that gave
goodmicrocrystals consisted of 12.5% (w/v) PEG 3350, 100mM

sodium tartrate, 100 mM Tris-HCl (pH 7.0). Macroseeding
using a precipitant solution containing 10% (w/v) PEG 3350,
100 mM sodium tartrate, 100 mM Tris-HCl (pH 7.1) gave crys-
tals large enough for x-ray diffraction experiments.
Peptide Mass Spectrometry—Peptide mass fingerprinting

was used to confirm that the crystals contained fragments of
hACLY. Small crystals were collected and washed with pre-
cipitant solution. The crystals were dissolved in SDS-PAGE
loading buffer and run on a 9% gel. Two bands were excised
from the gel and submitted to the Southern AlbertaMass Spec-
trometry Centre for peptide mass fingerprinting. The polypep-
tides extracted from the gel were digested using trypsin and
subjected to matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry. The spectra were
used to identify the sequences of the peptides by comparing the
masses obtained experimentally to the theoretical masses cal-
culated for trypsin-cleaved proteins (30).
Production, Purification, andCrystallization of the Selenome-

thionyl Protein—To determine whether the truncated version
of selenomethionyl hACLY could also be crystallized, full-
length selenomethionyl protein was produced and purified.
The protein was produced in the same way that selenomethio-
nyl human succinyl-CoA:3-ketoacid CoA transferase had been
produced (31), using the method of Doublié to inhibit the pro-
duction of methionine and incorporate selenomethionine (32).
The only differences from the purification of native hACLY
were that the buffers were degassed and the samples were stored
under argon tominimize oxidization of the selenomethionine res-
idues. Prior to setting up the crystallization trials, the selenome-
thionyl protein at a concentration of 5 mg/ml was mixed with
chymotrypsin. 0.5�l of the protein solutionwas added to 0.5�l of
the precipitant solution to form the hanging drop. The precipitant
solution used to grow crystals contained 10% PEG 3350, 75 mM

potassium citrate, 100mMTris-HCl (pH 7.0).
X-ray Diffraction Analysis—X-ray diffraction data were col-

lected at two synchrotrons. The native data were collected at
beamline 8.3.1 of the Advanced Light Source, Berkeley, CA
using anADSCQuantum315r charge-coupled device detector.
Data from crystals of the selenomethionyl protein were col-
lected at the PX beamline of the Canadian Light Source, Saska-

toon, SK using a RayonixMX225 charge-coupled device detec-
tor. Prior to the data collection, crystals of the native protein
were cryoprotected in solution containing 10% (v/v) glycerol,
15% (w/v) PEG 3350, 100 mM sodium tartrate, and 100 mM

Tris-HCl (pH 7.2). Crystals of the selenomethionyl protein
were cryoprotected in 10% (v/v) glycerol, 15% (w/v) PEG 3350,
100 mM Tris-HCl (pH 7.0), and 75 mM potassium citrate. The
crystals were vitrified in the cold stream of gaseous nitrogen at
100 K and shipped to the synchrotron at low temperature. The
x-ray diffraction data collected at the synchrotrons were pro-
cessed using the ELVES scripts (33) andMOSFLM (34), as well
as programs from the CCP4 package (35). Matthews probabil-
ities (36) were calculated using a web applet (37).
For phasing, the best results were obtained using the sin-

gle-wavelength anomalous dispersion data set collected at
the peak wavelength, 0.98055 Å, and processed to 2.5 Å-res-
olution. The phase problem was solved using the program
PHENIX (38) by locating 16 selenium atoms using phases
frommolecular replacement, then using these selenium sites to
determine phases for the protein. The model used for the
molecular replacement (39) was the �-subunit of E. coli SCS
(12), identified as 1CQI in the Protein Data Bank (40). The
initial partial model for the selenomethionyl protein built by
PHENIX was rebuilt using the program COOT (41). The qual-
ity of the model was judged using the programs PROCHECK
(42) andMOLPROBITY (43) and the validation tools inCOOT.
After each round of rebuilding using COOT, the model was sub-
mitted to PHENIX for refinement. Citrate and water molecules
were also fitted into the electron density. At this point, the x-ray
diffraction data were reprocessed to 2.1 Å-resolution, the diffrac-
tion limit for this crystal, and the refinement was completed.
To determine the structure of tartrate bound to truncated

hACLY, the model of the selenomethionyl protein was modi-
fied to describe the native protein without citrate, and this
model was refined against the native data. Tartrate was fitted into
the electron density in the same region as the citrate-binding site.
Programs from the CCP4 package (35) as well as COOT (41),
SPDBV(44), andO(45)wereused to analyze the resultingmodels.
Inhibition of HumanACLY by Tartrate—To test whether the

enzyme activity of hACLY is inhibited by tartrate, cell lysate
containing full-length hACLY was assayed in the presence of 0,
30, and 60 mM sodium tartrate. The kinetics assay is a coupled
enzyme assay using malate dehydrogenase and NADH to
reduce oxaloacetate. The loss of NADH is measured spectro-
photometrically (46). All reaction mixtures contained 0.2 mM

CoA, 10mMATP, 10mMMgCl2, 4mMDTT, 0.2mMNADH, 3.5
units/ml malate dehydrogenase, and 20 mM Tris-HCl (pH 8.4).
The concentration of potassium citrate varied from 0.05 to 5
mM, and the reactions were performed in triplicate at 310 K.
The low background activitymeasured using cell lysate that did
not contain hACLY was subtracted from each measured initial
velocity. Plots of the corrected initial velocities versus citrate
concentrations were analyzed using nonlinear regression in the
program PRISM 5 (GraphPad Software, Inc.) to determine V
and apparent Km values for citrate at the different tartrate con-
centrations. These values were used to draw double reciprocal
plots. Ki for tartrate was determined by linear regression
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from the plot of apparent Km values at different tartrate
concentrations.
Cloning, Production, and Purification of the 817 N-terminal

Residues of HumanACLY—The gene for hACLYwas truncated
to produce the 817 N-terminal residues, because this was
approximately the limit seen in the crystal structure. In the
pET42b(�)hACLY plasmid, a unique EagI restriction site lies
upstreamof the sequence coding for theHis8 tag. A secondEagI
site was inserted after the region coding for the 817 N-terminal
residues using the QuikChange� II XL site-directed mutagen-
esis kit (Stratagene) and oligonucleotides TS3.1 5�-AGGAGG-
TGCCGGCCGCAACCGTGCCC-3� and TS3.2 5�-GGGCAC-
GGTTGCGGCCGGCACCTCCT-3�. Digestion of themutated
plasmid with EagI and re-ligation generated the plasmid
pET42b(�)N�hACLY, which codes for the 817 N-terminal res-
idues of hACLY followed byAALEH8, referred to asN-terminal
hACLY. The sequence of the gene was confirmed by DNA
sequencing.
For protein production, the pET42b(�)N�hACLY plasmid

was transformed into E. coli BL21(DE3). 1 liter of LB broth
containing 30 mg/liter kanamycin was inoculated with
20 ml of an overnight culture of BL21(DE3) containing the
pET42b(�)N�hACLY plasmid. The culture was grown at 310 K
to anA600 nmof 0.6, the temperaturewas thendropped to 291K,
and isopropyl-�-D-thiogalactopyranoside was added to a con-
centration of 0.5 mM to induce protein production. After 18 h,
cells were harvested by centrifugation and lysed by sonication
in buffer containing 50 mM KCl, 10 mM MgCl2, 10 mM sodium
citrate, 1% glycerol, 10 mM 2-mercaptoethanol, 1 mM benzami-
dine, and 10 mM potassium phosphate (pH 7.5). The soluble
fraction was loaded onto a nickel-nitrilotriacetic acid-agarose
(Qiagen) column and eluted with 200 mM imidazole, 0.3 M

NaCl, 10 mMMgCl2, 10 mM sodium citrate, 1% glycerol, 10 mM

2-mercaptoethanol, 1 mM benzamidine, and 50 mM potassium
phosphate (pH 7.5). The eluate was dialyzed against buffer con-
taining 10mMMgCl2, 10mMsodiumcitrate, 1% glycerol, 10mM

2-mercaptoethanol, 1 mM benzamidine, and 6 mM potassium
phosphate (pH 7.5) then loaded onto a Q-SepharoseTM Fast
Flow (Amersham Biosciences) column previously equilibrated
with the same buffer solution. The protein was eluted with a
linear gradient of 0–0.75 M NaCl in the same buffer solution.
SDS-PAGE was used to detect fractions containing N-terminal
hACLY and to judge protein purity.
ITC—Isothermal titration calorimetry (ITC) was used to

detect the binding ofCoA tohACLYand toN-terminal hACLY.
The protein samples were concentrated and dialyzed against
buffer solution containing 10mMMgCl2, 10mM sodiumcitrate,
1% glycerol, 8 mM 2-mercaptoethanol, 1 mM benzamidine, and
10 mM potassium phosphate (pH 7.5), then centrifuged to
remove any aggregates. Protein concentrations were measured
using the Bradford assay. A 20 mM stock solution of CoA was
prepared and diluted to 1mM in the dialysis solution. Measure-
ments were performed on a VP-ITC isothermal titration calo-
rimeter (MicroCal) at 298 K. 0.014 mM hACLY (measured as
the concentration of tetramers) was loaded into the cell for the
detection of the binding of CoA to hACLY, whereas 0.056 mM

N-terminal hACLYwas used for the detection of the binding of
CoA to N-terminal hACLY so that the concentration of active

sites would be identical. Each titration consisted of a single 2-�l
injection of 1 mM CoA followed by 24 8-�l injections at 5-min
intervals. Titrations of 1 mM CoA into buffer were also per-
formed to subtract the heat of dilution. The data were analyzed
using ORIGIN 7 (OriginLab).

RESULTS

Crystals of chymotrypsin-truncated hACLY contained two
polypeptide chains, as shown by SDS-PAGE (supplemental
Fig. S1). The approximate relativemolecular weights of the two
polypeptides were 50 and 35 kDa. Peptide mass fingerprinting
identified 10 peptides in the 50-kDa band and 12 in the 35-kDa
band that matched (with differences of 1–22 ppm) peptides
predicted to be cleaved from hACLY, confirming that the crys-
tals contained truncated hACLY. An 11th peptide from the
50-kDa band showed a difference of 33 ppm, an error higher
than is generally acceptable in this type of experiment (47), so it
was not considered to be a match. Supplemental Table S1 lists
the molecular weights and sequences of these peptides, as well
as the residue ranges matched in hACLY. The peptide not con-
sidered to be a good match for the 50-kDa band is the final
peptide, residues 470–488 of hACLY. This meant that the res-
idue range from 34 to 389 was identified as belonging to the
50-kDa band, and the residue range from 499 to 703 was iden-
tified as belonging to the 35-kDa band.
The first structure of truncated hACLY was determined

using x-ray diffraction data from a single crystal of the sel-
enomethionyl protein measured at the peak wavelength. The
statistics for this data set, processed first to 2.5-Å resolution and
later to 2.1 Å, are presented in Table 1 along with statistics for
the data set collected from the native crystal that diffracted to
2.2-Å resolution. 656 residueswere automatically fitted into the
2.5-Å resolution electron density map, although many of these
residues were not correctly identified. After rounds of rebuild-
ing and refinement, the model included three polypeptide
chains consisting of residues 2–425, 487–750, and 767–820
(Fig. 2A). In addition to the protein, the substrate citrate was
fitted into the electron density calculated using data from the
crystal of the selenomethionyl protein, whereas tartrate was fitted
into the electron density calculated using data from the crystal of
the native protein. The final models refined against the x-ray dif-
fractiondata to 2.1- and2.2-Å resolution give the statistics that are
presented in Table 2. Thesemodels and the structure factors have
been deposited to the Protein Data Bank (PDB) (40) where they
have been assigned PDB codes 3MWD and 3MWE.
An unexpected observation is electron density for two disulfide

bonds in the structures. BecauseACLY is a cytoplasmic enzyme, it
functions ina reducingenvironmentandwouldnotbeexpected to
have disulfide bonds. The first disulfide bond in the crystal struc-
ture is betweenCys-20 and a symmetry-related Cys-20, related by
a 2-fold crystallographic axis. The cysteine residue has beenmod-
eled in two alternate conformations to account for the electron
density. The disulfide bond is surely an artifact of the experiment,
due to the exposure of the protein to an oxidizing environment
during crystallization. The second disulfide bond is between Cys-
293 and Cys-748. Beyond residue 750, the electron density
becomes weak and the residues 751–766 could not be modeled.
The chymotrypsin used to truncate hACLYmay have cleaved the
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polypeptide in this region, but it is also possible that the formation
of the disulfide bond with Cys-748 has led to repositioning of
this residue and disorder of the subsequent residues.
In the structure of the complex with citrate, citrate is bound

to a loop that includes residues from Ser-343 to Thr-348. Ad-
ditional strong hydrogen bonding interactions are formed with
the side chain of Arg-379, with the nitrogen atom of Gly-309

and with a water molecule bridging
to Ser-343 and Ala-280 (Fig. 2B).
Citrate is a small organic acid that
contains three carboxyl groups, one
hydroxyl group, and one prochiral
center. To distinguish between the
terminal carboxyl groups, they are
referred to as pro-R and pro-S (48).
The pro-R carboxyl group accepts
two strong hydrogen bonds (2.6 and
2.8 Å) from Arg-379. In contrast,
the pro-S carboxyl group does not
have hydrogen-bonding interactions
with the protein and its electron
density is less well defined than the
electron density for either of the
other carboxyl groups of citrate.
Interestingly, the side chain of Phe-
347, which lies close to the pro-S
carboxyl group, has poor electron
density with a break between the
backbone and the side chain (data
not shown). The central carboxyl
group of citrate accepts hydrogen
bonds from the side chain of Thr-
348 and the backbone nitrogen
atoms of Asn-346 and Thr-348. Cit-
rate’s hydroxyl group interacts with
the side-chain hydroxyl group of
Thr-348 and the backbone nitrogen
atom of Gly-309.
Tartrate binds to hACLY in the

same location as citrate (Fig. 2C). In
contrast with citrate, tartrate con-
tains two carboxyl groups and two

hydroxyl groups. The carboxyl groups have similar, although
not identical, interactions with the protein as the central car-
boxylate and the pro-R carboxylate of citrate. Two additional
interactions exist for the carboxylate of tartrate that bindsmost
like the central carboxylate of citrate, one with the side-chain
nitrogen atom of Asn-346 and the second with the backbone

FIGURE 2. Truncated human ATP-citrate lyase. A, in complex with citrate. The protein is shown as a ribbon
diagram, while citrate is shown as a stick model in magenta. Residues 2–31 and 108 –243 form domain 4, which
is colored green. Domain 3 includes residues 32–107 and is red. Domain 5 includes residues 244 – 425 and is
yellow. Domain 1 includes residues 487– 624 and is cyan. Domain 2 includes residues 625– 820 and is blue. The
terminal residues seen in the electron density are labeled with their residue numbers. The ATP-grasp fold,
formed by domains 3 and 4, is at the bottom of the diagram, and ATP/ADP would be expected to bind to the
back, as oriented here. B, electron density for citrate bound to the selenomethionyl protein. C, electron density
for tartrate bound to human ATP-citrate lyase. Citrate or tartrate and the nearby residues are shown as stick
models, colored according to atom type: red for oxygen, blue for nitrogen, and yellow for carbon. Hydrogen
bonds are shown as black dashed lines. The electron density, shaded green and contoured at 3�, is from an Fo �
Fc omit map calculated using PHENIX (38) after omitting either citrate or tartrate from the refinement. This
figure and Figs. 5 and 6 were drawn using PyMOL (62).

TABLE 1
Statistics for the x-ray diffraction data sets

Structure Truncated Se-Met hACLY complex
with citrate

Truncated Se-Met hACLY complex
with citrate

Truncated hACLY complex
with tartrate

X-ray source CLS PX CLS PX ALS 8.3.1
Wavelength (Å) 0.98055 0.98055 1.11587
Space group C2 C2 C2
Cell dimensions a � 169.20 Å a � 169.20 Å a � 168.19 Å

b � 61.71 Å b � 61.70 Å b � 60.79 Å
c � 109.43 Å c � 109.42 Å c � 109.18 Å
� � � � 90° � � � � 90° � � � � 90°
� � 125.0° � � 125.0° � � 125.0°

Resolution range (Å) (high resolution) 39.90–2.50 (2.64–2.50) 89.64–2.10 (2.21–2.10) 55.64–2.20 (2.32–2.20)
Rmerge

a (%) (high resolution) 7.7 (17.5) 9.5 (46.1) 7.9 (45.0)
�I/�(I)�b (high resolution) 10.8 (5.7) 8.1 (2.7) 9.2 (2.4)
Number of unique observations (high resolution) 32,300 (4,666) 54,277 (7,896) 45,944 (6,676)
Average redundancy (high resolution) 3.8 (3.8) 3.8 (3.8) 2.8 (2.8)
Completeness (%) (high resolution) 100.0 (100.0) 100.0 (100.0) 99.4 (99.7)

aRmerge � (�h�i�Ihi � �Ih��)/�h�i�Ih�, where Ihi is the intensity of an individual measurement of reflection h and �Ih� is the mean value for all equivalent measurements of this
reflection.

b �I/�(I)� is the mean of the ratio of the intensity to the standard deviation for all reflections.
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nitrogen atomof Phe-347.Onehydroxyl groupof tartrate inter-
acts with the side chain of Thr-348 just like the hydroxyl of
citrate does, but this hydroxyl of tartrate is too far fromGly-309
to form a hydrogen bond. The orientation of the second
hydroxyl group of tartrate is defined by the handedness of the
compound. L-(�)-Tartrate is the commonly occurring isomer
of tartrate, and each of its chiral carbon atoms possesses the
R-configuration. Given this configuration, the second hydroxyl
group of tartrate must be exposed to the solvent and has no
interactions with the protein. One residue of the binding loop,
Phe-347, has stronger, more continuous electron density in the
complex with tartrate than in the complex with citrate.
Because tartrate binds at the citrate-binding site, it could be a

competitive inhibitor. To test this, kinetic studies of tartrate inhi-
bition of hACLY were carried out. Plots of initial velocity versus
citrate concentration in the range from 0.05 to 2 mM conform to
Michaelis-Menten kinetics. Analysis of the data gave the values of
VandKmorapparentKmpresented inTable3.Thesevaluescanbe
used to drawdouble reciprocal plots that show lines having differ-
ent slopes and intersecting close to the y axis, indicating competi-
tive inhibition. A secondary plot ofKm or apparentKm versus tar-
trate concentration gives a value of 29mM as theKi for tartrate.

The crystal structure indicated that CoAwould not bind to the
truncated hACLY (see Discussion). To verify, ITC experiments
wereperformedtodetect thebindingofCoAto full-lengthhACLY
and to the N-terminal portion seen in the crystal structure. The
results are shown inFig. 3. Fig. 3A shows thebinding isothermand
the fitted data for the binding of CoA to hACLY. Based on the
curve fitting, the stoichiometry is4.06�0.04, theenthalpyofbind-
ing (	H) is �7.19 � 0.09 kcal/mol, and the dissociation constant
(Kd) is 1.98 � 0.14 �M. Fig. 3B shows the result when CoA was
titrated into N-terminal hACLY. In this case, the small uniform
peaks indicate the heat of dilution for the CoA solution, rather
than binding of CoA to the protein.

DISCUSSION

Overall Structure of Truncated Human ACLY—The struc-
ture of truncated hACLY shows the five domains common to all
members of the acyl-CoA synthetase (NDP-forming) super-
family (Fig. 1). The cleaved protein can be thought to contain
two subunits: an�-subunit composed of residues 486–818 that
correspond to domains 1 and 2 of acyl-CoA synthetases (NDP-
forming) and a �-subunit composed of residues 1–424 or
domains 3–5 (Fig. 2A). The benefit of thinking of the structure
of truncated hACLY as two subunits is that it serves as a
reminder that what are defined as the two subunits may indeed
be two different polypeptide chains in ACLY. The bacterial and
plant enzymes are produced as two subunits (52, 53), whereas
the mammalian enzyme is produced as a single polypeptide
chain (54). In both cases, the quaternary structure is similar,
heterooctamers for the bacterial and plant ACLYs, and ho-
motetramers for the mammalian forms. Because hACLY was
produced as the full-length enzyme, then cleaved by chymo-
trypsin to give the crystallized form, what is being produced in
E. coli is the homotetramer.What is seen in the asymmetric unit
of the crystal is only one copy of each polypeptide chain, but could
come froma single polypeptide chain or from twodifferent chains
of the homotetramer. An additional benefit of considering the
structure as possessing two subunits is that the domains and sub-
units are then similar to those of SCS. Supplemental Fig. S2 shows
the sequence of truncated hACLY along with alignments with
bothE. coliSCS (PDBcode2SCU)andpigGTP-specific SCS (PDB
code 2FP4), based on superpositions of similar domains in the
structures. The root mean squared deviations (r.m.s.d.) for the
superpositions are presented in Table 4.
Each of domains 1 and 2 adopts a Rossmann or nucleotide-

binding fold (55). In SCS, the substrate CoA binds at the nucle-
otide-binding site of domain 1. Domain 2 includes the phos-
phohistidine loop, and this loop binds in the comparable
location,which is at theC termini of the�-strands that form the
core of the fold. Residues from Ala-749 to Gln-766 of hACLY
correspond to the phosphohistidine loop of SCS (Ala-251� to
Lys-268� in the pig GTP-specific enzyme and Ala-238� to Lys-
255� in E. coli SCS). In the structure of truncated hACLY, none
of the residues between 750 and 767 are modeled, because they
were either cleaved by chymotrypsin or they are disordered in

TABLE 2
Statistics for the final models

Structure Truncated Se-Met hACLY complex with citrate Truncated hACLY complex with tartrate

Resolution range (Å) (high resolution range) 44.82–2.10 (2.12–2.10) 44.74–2.20 (2.24–2.20)
Rwork overall (%) (number of data) 19.1 (99,709) 17.9 (41,273)
Rfree overall (%) (number of data) 22.9 (6,072) 22.7 (2,552)
Rwork in high resolution shell (%) (number of data) 30.5 (3,360) 24.3 (2,101)
Rfree in high resolution shell (%) (number of data) 35.0 (189) 29.2 (117)
Number of protein atoms 5753 5764
Number of water molecules 359 375
Number of atoms in ions or ligands 13 11
r.m.s.d. from ideality
Bond lengths (Å) 0.007 0.007
Bond angles (°) 1.1 1.1
Chirality (Å3) 0.068 0.071
Planarity (Å) 0.004 0.004
Dihedral angles (°) 13 13

Analysis of Ramachandran plot (MOLPROBITY)
Ramachandran outliers (%) 0.1 0.3
Ramachandran favored (%) 97.8 97.6

TABLE 3
V and Km or apparent Km values for citrate at different
concentrations of tartrate


Tartrate� V Km or apparent Km

mM

0 0.202 � 0.005 0.063 � 0.007
30 0.218 � 0.006 0.150 � 0.014
60 0.224 � 0.007 0.203 � 0.021
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the crystal. A possible source of the disorder is the disulfide
bond between residues 293 and 748. ACLY is inactivated by
oxidation (46) and the formation of a disulfide bond that would
prevent the phosphohistidine loop from moving into position
to transfer the phosphoryl group would inactivate the enzyme.
Although cytoplasmic proteins are commonly thought to be in
a reducing environment, evidence that different reduction
states control metabolic processes is accumulating (56).
Domains 3 and 4 form the ATP-grasp fold (10). In SCS, these

domains are known to have different degrees of closure, and
they are closed when binding nucleotide (14). The conforma-
tion seen in the structure of truncated hACLY is very similar to
that of the GTP-bound form of pig GTP-specific SCS (14), as
demonstrated by the r.m.s.d. listed in Table 4.
The final domain, domain 5, possesses the third Rossmann

fold (55) seen in the structure. A helix from this domain,
residues 282–294, is in intimate contact with the �-subunit. It
is comparable to one of the two “power helices” at whose N
termini the phosphohistidine residue is found in SCS (9). Cys-
293, which forms a disulfide bond with Cys-748, is near the C
terminus of this helix. This disulfide bond could affect the ori-
entation of the helix and hence affect the binding site of the
phosphohistidine residue.

Residues 425–485, for which
there are no equivalent residues in
plant or bacterial ACLYs (52, 53),
were likely cleaved by chymotrypsin
and not part of the protein crystal-
lized. Residues 425–485 include the
serine and threonine residues that
are phosphorylated by kinases in
mammalian ACLYs (16–18). The
citrate synthase domain that would
follow residue 818 is also not part of
the structure, nor is much of the
linker between domain 2 and the
citrate synthase domain.
Citrate-binding Site—Citrate binds

to domain 5 of ACLY where the
�-strands forming the core of the
domain splay so that the subsequent
�-helices are on opposite sides of
the �-sheet (Fig. 2A). One of these
�-helices is analogous to the power
helix supplied by the �-subunit to
the binding site for the phosphohis-
tidine residue in SCS. The other
�-helix is preceded by a longer loop,

residues 343–349, which is responsible for many of the interac-
tionswith citrate (Fig. 2B). As documented inTable 4, the domain
pairs 1 and 2 and 3 and 4 superpose very well with the similar
domains of SCS. The superpositions for domain 5 are not as good,
and this is not surprising, because domain 5 of ACLY has to
accommodate the binding of citrate, while this domain of SCS
would be expected to bind succinate.
Stereospecificity of the Reaction Mechanism—Although the

pro-R and pro-S carboxyl groups of the citrate molecule are
indistinguishable in non-enzymatic reactions, ACLY allows the
pro-S carboxyl group to be reactive but keeps the pro-R car-
boxyl group inactive (57). This results in the reaction interme-
diates, citryl-phosphate (7) and citryl-CoA (57), having the
S-configuration. The viewof the citrate-binding site in the crystal
structure of truncated hACLY shows how ACLY discriminates
between thepro-R andpro-S carboxyl groups.As shown inFig. 2B,
thepro-Rcarboxylgroup formsstrong ionic interactionswithArg-
379. In contrast, the pro-S carboxyl group of citrate is exposed and
free to react with the phosphohistidine residue. hACLY uses the
loop of residues from Ser-343 to Thr-348 as well as the backbone
nitrogen atomofGly-309 to achieve the specific orientation of the
citrate molecule. The interactions of the protein with the central
carboxyl group and the hydroxyl group of citrate cannot be inter-
changed. The orientation of these two substituents on the
prochirality center forces the pro-R carboxyl group to point
towardArg-379while thepro-Scarboxyl group is exposedand free
to react with the phosphohistidine residue. Once citrate is phos-
phorylated, the free thiol of CoA would react with this pro-S car-
boxyl group to form S-citryl-CoA.
Identification of the Citrate-binding Motif in Citryl-CoA

Synthetases—Acitrate-bindingmotif can be identified from the
sequence of the loop binding the citrate residue and specifica-
tion of the location of the arginine residue that interacts with

FIGURE 3. Characterization of the binding of CoA to human ATP-citrate lyase or N-terminal human ATP-
citrate lyase. A, titration of 1 mM CoA into 0.014 mM human ATP-citrate lyase. B, titration of 1 mM CoA into 0.056
mM human ATP-citrate lyase.

TABLE 4
r.m.s.d. values for the superpositions of domains of truncated
human ATP-citrate lyase with the similar domains of succinyl-CoA
synthetase (SCS) from E. coli (2SCU) and pig GTP-specific SCS bound
to GTP (2FP4)
The numbers in parentheses are the numbers of C� atoms that superpose within
2.5 Å, from which the r.m.s.d. values were calculated.

E. coli SCS Pig GTP-specific SCS

Domains 1 and 2 1.14 Å (216) 1.33 Å (212)
Domains 3 and 4 1.41 Å (120) 1.37 Å (137)
Domain 5 1.33 Å (75) 1.78 Å (110)
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the pro-R carboxylate. The loop has the sequenceAla-Asn-Phe-
Thr, and the arginine residue is located in the subsequent
�-strand. Sequence alignments for ACLYs from different species
show that the citrate-binding motif is conserved even in the two
chain ACLYs from species such as Arabidopsis thaliana (52) and
Chlorobium tepidum (53). This is consistent with the idea that
functionally important residues are conserved through evolution.
Another enzyme that catalyzes the synthesis of citryl-CoA

from citrate and CoA is citryl-CoA synthetase. This enzyme
was first identified inHydrogenobacter thermophilus TK-6 and
shown to be amember of the acyl-CoA synthetase (NDP-form-
ing) superfamily based on the analysis of its sequence (58). The
organization of the five domains and their distribution into sub-
units are the same as for SCS (Fig. 1). An alignment of the
sequences of domain 5 from hACLY, citryl-CoA synthetase,
SCS, and malyl-CoA synthetase reveals that the arginine resi-
due of the citrate-binding motif identified in hACLY is con-
served in citryl-CoA synthetase but not in SCS nor malyl-CoA
synthetase (Fig. 4). This arginine residue is the second in a pair
of arginines in the sequences of hACLY and citryl-CoA synthe-
tase. The first is conserved in all four enzymes and, in the struc-
tures of both SCS and truncated hACLY, it provides an inter-
action with a glutamate residue of the power helix provided by
the�-subunit. The citrate-binding loop is not clearly defined by
sequence alignments, because the alignment presented here
differs from the one published for the large subunits ofH. ther-
mophilus succinyl-CoA synthetase, citryl-CoA synthetase, and
E. coli succinyl-CoA synthetase (58). It is possible that Gly-332-
Thr-Ala-Asn-Asn-Thr-337 of citryl-CoA synthetase aligns
with Ser-343-Ile-Ala-Asn-Phe-Thr-348 of ATP-citrate lyase,
leading to similar interactions of the loopwith citrate in the two
citrate-binding enzymes.
The presence of this second arginine residue allows citryl-

CoA synthetases to be distinguished from SCSs. Aoshima et al.
used the sequence of citryl-CoA synthetase to search for similar

proteins (58). In the genome of
Aquifex aeolicus, they found two
sets of similar genes that had been
assigned as hypothetical SCSs.
They hypothesized that sucC1
(AAC07285) and sucD1 (AAC07686)
were genes for the citryl-CoA syn-
thetase subunits, whereas sucC2
(AAC07508) and sucD2 (AAC07509)
were genes for SCS subunits. Look-
ing at these sequences with our
knowledge of the citrate-binding
motif, we would agree with this
assignment, because only the
sequence of sucC1 has the pair of
arginine residues. Their predictions
did not extend to the two sets of
hypothetical SCS genes in the
Archaeoglobus fulgidus genome,
because they thought that those
sequences looked more like the
sequences of the H. thermophilus
SCS genes (58). Our analysis picks

out the sequence VVKLA in sucC1 (AF1540) and the sequence
VVRLA in sucC2 (AF2186) where citryl-CoA synthetase has
VVRRN.We would predict that neither of these genes encodes
a subunit with specificity for citrate.
Because ACLY and the citryl-CoA synthetases are likely to

have a similar mode of binding citrate, the stereospecificity of
these enzymes should be the same: they should all be S-citryl-
CoA synthetases. Aoshima et al. proved this by using a coupled
enzyme assay with citrate synthase from pig heart to detect
citryl-CoA (58). This enzyme is specific for S-citryl-CoA and
would not have cleaved the other isomer.
Binding of Tartrate to theCitrate-binding Site—Incontrast to

citrate, tartrate has only two carboxyl groups and because of
how it binds to the citrate-binding site, it is lacking a reactive
carboxylate. This suggested that tartrate would not be a sub-
strate of ACLY but an inhibitor, competitive with citrate. This
was proven true by kinetic analyses. The differences between
the interactions of citrate and tartrate at the binding site
emphasize that, even when the organic acids are similar, the
binding interactions need not be identical. Both the citrate-
binding loop and Arg-379 adjust to accommodate tartrate.
Proposed Organic Acid-binding Site in the acyl-CoA Synthe-

tase (NDP-forming) Superfamily—Prior to the crystallization of
citrate bound to truncated hACLY, there were no crystal struc-
tures of any enzyme of the acyl-CoA synthetase (NDP-forming)
superfamily in complex with its organic acid substrate. These
enzymes are all thought to possess a phosphohistidine loop,
which swings from the nucleotide-binding site to the site where
CoA and the organic acid bind (8, 59). Based on the structure of
truncated hACLY with citrate, we can propose a location for
the binding site of succinate on SCS, the prototype of the family
of acyl-CoA synthetases (NDP-forming).
Succinate possesses two carboxyl groups, in contrast to the

three carboxyl groups and central hydroxyl group of citrate.
One of the two carboxyl groups of succinatemust react with the

FIGURE 4. Sequence alignments of the citrate-binding domain of human ATP-citrate lyase with similar
sequences in E. coli succinyl-CoA synthetase, Methylobacterium extorquens AM1 malyl-CoA synthetase,
and H. thermophilus TK-6 citryl-CoA synthetase (49). The citrate-binding loop and Arg-379 of ATP-citrate
lyase are highlighted with arrowheads.
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phosphohistidine in the same way that the reactive pro-S car-
boxyl group of citrate does, so it must be exposed. The second
carboxyl group likely superposes with the central carboxyl of
citrate, binding to the backbone amide nitrogen atoms of the
loop. Because the equivalent carboxyl group of citrate binds to
the backbone of both Asn-346 and Thr-348, the non-reactive
carboxyl group of succinate would be expected to bind to the
backbone nitrogen atoms of Gly-328� and Val-330� of pig
GTP-specific SCS orGly-321� andVal-323� ofE. coli SCS (Fig.
4). In both forms of SCS, the hydrophobic side chain of Ile
substitutes for the side chain of Phe-347 in hACLY. Mutagen-
esis studies of E. coli SCS had suggested that this was the bind-
ing site for succinate in SCS (11). When Ile-322� was mutated
toAla,Km(app) for succinate increased from 0.25mM to 14mM.
The Ala mutant would provide a smaller hydrophobic surface
with which the substrate could interact, leading to the larger
value of Km(app). The loop from Gly-327� to Val-330� in pig
GTP-specific SCS and that fromGly-321� toVal-323� inE. coli
SCSdonot superposewell, likely because both loops are flexible
in the absence of succinate due to the glycine residues. How-
ever, the sequence of this loop, Gly-Gly-Ile-Val, is well con-
served among SCSs and would be expected to be the binding
loop for succinate in all of them.
CoA-binding Site—ACLY could have either one or two CoA-

binding sites per subunit. This is because the enzyme possesses
similarity to SCS and to citrate synthase, each of which has a

distinctive CoA-binding site. The
CoA-binding site in the structure of
truncated hACLY is similar to that
of SCS, and the two were compared,
to judge whether CoA is likely to
bind at this site. This interpretation
was then tested using ITC to detect
the enthalpy change on binding
CoA.
Comparison with the CoA-bind-

ing Site of SCS—A superposition of
the possible CoA-binding site of
truncated hACLY with the CoA-
binding site of E. coli SCS is shown
in Fig. 5. The site consists of five
loop-containing regions L1–L5 in
the structure of E. coli SCS in com-
plex with CoA (PDB ID 2SCU) (59).
These loops are highlighted on the
sequence alignment, supplemental
Fig. S2. L1, L2, and L3 are responsi-
ble for the interactions with adeno-
sine 3�,5�,5�-triphosphate, whereas
L3, L4, and L5 are responsible for
binding the pantetheine portion of
CoA.
A comparison of L1, L2, and L3 of

truncated hACLY with the similar
regions of SCS shows that hACLY
possesses a novel CoA-binding site.
In the structure of the complex of
E. coli SCS with CoA, Pro-40� of L2

and Val-72� of L3 form a hydrophobic pocket where the ade-
nine base of CoA binds (Fig. 5). In truncated hACLY, the two
equivalent residues, Pro-532 andAla-573, forma similar hydro-
phobic pocket, but the indole side chain of Trp-502 lies in this
pocket. The indole group would block the binding of the ade-
nine moiety of CoA at this site. This tryptophan residue is
highly conserved in ACLYs frommany species, suggesting that
all ACLYs contain a novel CoA-binding site. In contrast, for
SCSs, the residue equivalent to Trp is Gln. Gln forms hydrogen
bonds via its side chain, holding it outside the adenine-binding
pocket whether CoA is bound as in E. coli SCS (2SCU) or not as
in pig GTP-specific SCS (2FP4) (14). This is not the only struc-
tural difference at the CoA-binding site. The residues of L1
leading fromTrp-502 into the �-helix adopt a different confor-
mation in hACLY than in SCS, changing the binding site for the
5�-diphosphate moiety of CoA. Furthermore, in L2 of hACLY
Tyr-531 and Phe-533 would clash with the phosphorylated
ribose moiety of CoA if there were no conformational changes
in these residues and CoA were to bind to ACLY in the same
way as it binds to SCS. The structural evidence indicated that
CoA does not bind at this site in ACLY. The ITC experiment
substantiated this interpretation. CoA bound to full-length
hACLY with the expected stoichiometry of one molecule CoA
per monomer, but binding of CoA to N-terminal hACLY could
not be detected. Future work could include site-directed
mutagenesis to disrupt the proposed binding site in the C-ter-

FIGURE 5. Stereoview of one of the possible CoA-binding sites of ATP-citrate lyase superposed on the CoA-
binding site of E. coli succinyl-CoA synthetase. Stick models are shown for CoA bound to E. coli succinyl-CoA
synthetase, for the phosphohistidine residue and for residues of this protein with atoms within 3.6 Å of CoA. These
stick models are colored according to atom type: phosphorus in light green, sulfur in magenta, oxygen in red, nitrogen
in blue, and carbon in gray. The residues labeled are in the �-subunit of E. coli succinyl-CoA synthetase. Residues of
truncated human ATP-citrate lyase that lie in similar positions are shown by stick models for their side chains. The
coloring is similar to that used for E. coli succinyl-CoA synthetase, but the carbon atoms are shown in cyan. In
addition, citrate is shown as a magenta stick model and parts of ATP-citrate lyase lying within the view are displayed
as cyan and yellow ribbon diagrams, as in Fig. 2.
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minal domain of hACLY, which is similar to the CoA-binding
site in citrate synthase.
In contrast with the variations in the adenosine 3�,5�,5�-

triphosphate-binding site, the pantetheine-binding site in
hACLY is very similar to that in SCS. The primary interactions
with the pantetheine portion of CoA are hydrophobic interac-
tions between L3 and the two methyl groups of CoA and two
hydrogen bonds, one between a carbonyl oxygen atom of Ile-95
of L4 and one of the amide nitrogen atoms of pantetheine and
the second from an amide nitrogen atom of Glu-97 of L4 to one
of the carbonyl oxygen atoms of pantetheine (Fig. 5). The sim-
ilarities between the two structures in this region suggest that
the pantetheine moiety of CoA binds in this region of hACLY,
positioning the free thiol near the active site histidine residue in
much the sameway as occurs in SCS.To illustrate the proximity
of the phosphohistidine residue to the substrates, this residue
and the bound citrate molecule are included in Fig. 5.
ATP-binding Site—ACLYuses the high energy bond between

the �- and �-phosphate groups of ATP as the energy source to
form the thioester bond between citrate and CoA. This con-
trastswith someof the other acyl-CoA synthetases (NDP-form-
ing), particularly the SCSs that can use GTP, e.g. pig GTP-spe-
cific SCS (60), oreitherATPorGTP,e.g.E. coliSCS(61). InACLY,
the two N-terminal domains that adopt the ATP-grasp fold are
presumed to form the binding site forMg2�-ATP.The conforma-
tion of the polypeptide chain and the residues at this binding site
can be compared with those of pig GTP-specific SCS and E. coli
SCS to rationalize the specificity of ACLY for ATP.
Many of the residues in the nucleotide-binding cleft are the

same for hACLY, pig GTP-specific SCS (14), and E. coli SCS
(12) and would be expected to interact with the nucleotide in
the same way (Fig. 6). Arg-66 would interact with the phos-
phates, as would the backbone amide nitrogen atoms of the two
preceding residues. Asp-216 and the carbonyl oxygen of the
cis-peptide bond between Asn-203 and Pro-204 would also

be expected to interact with the phosphate groups or mag-
nesium ions. All three enzymes have a glutamate residue
where ACLY has Glu-118, and this residue is likely to inter-
act weakly with the hydroxyl group of the ribose as in E. coli
SCS. All three also have a lysine residue where ACLY has
Lys-58, which should interact with the �-phosphate and N7
of the adenine base as in E. coli SCS. Interactions betweenN6
and N1 of the base and the backbone, as in E. coli SCS, are
likely formed by the carbonyl of Pro-109 and the amide of
Val-111 of ACLY. The pocket formed by the side chains of
Val-56 and Leu-215 is expected to form hydrophobic inter-
actions with the adenine moiety of ATP.
Onemajor difference in the ATP-binding site is the position of

the polypeptide chain that extends from domain 3 to domain 4
(Fig. 6A). In pig GTP-specific SCS, Gln-20� is located here, and
this residue interacts favorably with O6 of the guanine base, pro-
viding a key component of the substrate specificity (14). In E. coli
SCS, the equivalent residue is Pro-20�, whose shorter side chain
allows adenine to bind deeper in the cleft than guanine does. In
contrast to both of the SCSs, the polypeptide backbone from
domain 3 to domain 4 in hACLYhas a different conformation and
is located �3 Å further from where the adenine base would bind.
This gives an even deeper pocket inACLY than in E. coli SCS, one
that would be suitable for the binding of ATP but could not pro-
vide a side chain to interact with O6 of GTP.

CONCLUSION

Crystals of chymotrypsin-truncated human ATP-citrate
lyase revealed the binding sites for two of the substrates, citrate
and ATP. ITC was used to show that CoA would not bind to
the portion of human ATP-citrate lyase crystallized, validating
the interpretation from the crystal structure that the CoA-
binding site of ATP-citrate lyase is different from that of succi-
nyl-CoA synthetase. In contrast, the ATP-binding site of ATP-
citrate lyase is similar to that of the succinyl-CoA synthetases.

FIGURE 6. ADP modeled in the ATP-grasp fold of truncated human ATP-citrate lyase. A, a ribbon diagram of the ATP-grasp fold of truncated human ATP-citrate
lyase is shown in green. Mg2�-ADP is shown as a stick model with a purple ball for the ion. The stick model is colored according to atom type with phosphorus in light
green, oxygen in red, nitrogen in blue, and carbon in gray. A single �-helix and three �-strands at the junction of the two domains of the ATP-grasp fold in E. coli
succinyl-CoA synthetase are shown in red. B, enlarged view of the ADP-binding site of human ATP-citrate lyase. The coloring is the same as in A, except that side chains
of human ATP-citrate lyase that lie near Mg2�-ADP are drawn with green for the carbon atoms and the carbon atoms of ADP are cyan.
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Most importantly, themode of binding of citrate toATP-citrate
lyase was revealed, and this is the first structure of any member
of the superfamily of acyl-CoA synthetases (NDP-forming) to
show how the enzyme binds the organic acid substrate.
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