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Abstract. Acetyl-coenzyme A carboxylases (ACCs) have
crucial roles in fatty acid metabolism in most living or-
ganisms. Mice deficient in ACC2 have continuous fatty
acid oxidation and reduced body fat and body weight, val-
idating this enzyme as a target for drug development
against obesity, diabetes and other symptoms of the meta-
bolic syndrome. ACC is a biotin-dependent enzyme and
catalyzes the carboxylation of acetyl-CoA to produce mal-
onyl-CoA through its two catalytic activities, biotin car-
boxylase (BC) and carboxyltransferase (CT). ACC is a

multi-subunit enzyme in most prokaryotes, whereas it is a
large, multi-domain enzyme in most eukaryotes. The ac-
tivity of the enzyme can be controlled at the transcriptional
level as well as by small molecule modulators and covalent
modification. This review will summarize the structural
information that is now available for both the BC and CT
enzymes, as well as the molecular mechanism of action of
potent ACC inhibitors. The current intense research on
these enzymes could lead to the development of novel ther-
apies against metabolic syndrome and other diseases.

Key words. Metabolic syndrome; obesity; diabetes; structure-based drug design; fatty acid metabolism; protein struc-
ture and function; biotin-dependent carboxylases; enzyme catalysis and mechanism.

Introduction

Acetyl-coenzyme A carboxylase (ACC) (EC 6.4.1.2) cat-
alyzes the carboxylation of acetyl-CoA to produce mal-
onyl-CoA. This enzyme was first discovered nearly 50
years ago and has been studied extensively over the years
[1]. The recent emergence of the obesity epidemic and as-
sociated clinical manifestations such as type 2 diabetes,
cardiovascular diseases and atherosclerosis [2—4], which
are collectively known as the metabolic syndrome, in-
sulin resistance syndrome or syndrome X [5], has gener-
ated significant renewed interest in ACC. More than half
of the population in the US is either overweight or obese
[6]. While life-style changes (less food intake and more
physical activity) are an important component in combat-
ing the obesity epidemic, there is also an urgent need for
new therapeutic agents. ACC has critical roles in fatty
acid metabolism, and represents an attractive target for

therapeutic intervention in the control of obesity and the
treatment of metabolic syndrome.

In humans and other mammals, there are two isoforms of
the ACC enzyme, ACC1 and ACC2. ACC1 is expressed
mostly in lipogenic tissues (liver, adipose, lactating mam-
mary gland and others) and catalyzes the committed and
rate-determining step in the biosynthesis of long-chain
fatty acids (fig. 1A) [1, 7, 8]. The malonyl-CoA product
of ACC in these tissues is used as a building block to ex-
tend the chain length of fatty acids in two carbon incre-
ments, a process catalyzed by fatty acid synthase (FAS)
[1]. The long-chain fatty acids can then be incorporated
into triacylglycerides and phospholipids.

In contrast, ACC2 is expressed mostly in the heart and
skeletal muscle, and its malonyl-CoA product is a potent
inhibitor of fatty acid oxidation in these tissues (fig. 1A)
[7]. Long-chain acyl-CoAs cannot cross the mitochondr-
ial membranes, and must be converted to acylcarnitines
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Figure 1. Acetyl coenzyme-A carboxylase (ACC) has critical roles
in fatty acid metabolism. (4) In mammals, ACC1 controls fatty acid
biosynthesis, while ACC2 controls fatty acid oxidation. (B) ACC is
an attractive target for drug discovery. AMPK is a natural dual in-
hibitor of both isoforms of animal ACCs. A clinically efficacious
drug should potently inhibit ACC2, but could also inhibit ACC1 to
a certain extent (indicated by the question mark).

for transport into the mitochondria for p-oxidation
[9-12]. The enzyme catalyzing this conversion is carni-
tine palmitoyltransferase I (CPT-I). ACC2 regulates fatty
acid oxidation as its malonyl-CoA product is a potent
(nanomolar) inhibitor of CPT-I (fig. 1A).

The importance of ACCs as drug discovery targets is val-
idated from observations on ACC2-deficient mice [13].
These animals have drastically reduced levels of malonyl-
CoA in their heart and skeletal muscle, and other studies
also confirm that the level of malonyl-CoA in the heart is
mostly determined by the activity of ACC [14]. As a re-
sult of the depletion of malonyl-CoA, ACC2” mice have
continuous fatty acid oxidation, reduced body fat mass
and body weight, despite consuming more food (hyper-
phagia). They are also protected against diabetes and obe-
sity induced by high fat/high carbohydrate diets [15].
These observations suggest that inhibitors of ACC2 may
be novel therapeutic agents against obesity, diabetes and
metabolic syndrome in general (fig. 1B) [16, 17]. These
compounds may also be active against ACC1, although
currently it is not known whether selectivity between the
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two isoforms is necessary (see section on ACC inhibitors)
(fig. 1B).

This review will attempt to summarize our current knowl-
edge on ACCs from animals, plants, bacteria and archaea,
with emphasis on recent advances. Space limitations
unfortunately preclude the citation of most of the origi-
nal publications, especially those before the year 2000.
These can be found in the many excellent reviews that
have appeared over the years on these enzymes [1, 7, 8,
16-26].

Biochemistry of ACC

ACC catalyzes the carboxylation of acetyl-CoA to pro-
duce malonyl-CoA [1, 18]. The reaction generally pro-
ceeds in two steps and is dependent on the prosthetic
group biotin (fig. 2A). The first step involves the ATP-de-
pendent carboxylation of the N1 atom in the ureido ring
of biotin, catalyzed by the biotin carboxylase (BC) activ-
ity, and bicarbonate is the donor of the carboxyl group for
this conversion. Divalent cations (Mg?" or Mn?") are re-
quired for coordinating the ATP phosphates for catalysis.
The energy required for the carboxylation reaction is
derived from the hydrolysis of ATP, by the formation of
an activated carboxyphosphate intermediate with the bi-
carbonate substrate [19, 22].

The second step of the ACC reaction involves transfer of
the activated carboxyl group from the N1 atom of biotin
to the methyl group of acetyl-CoA, thereby generating
the product malonyl-CoA (fig. 2A). This step is catalyzed
by carboxyltransferase (CT) activity. No additional energy
input is required for this reaction.

Biotin is an essential vitamin (vitamin H or Byg) in higher
organisms that can only be acquired from foods [20, 21].
The biotin prosthetic group is covalently linked to the bi-
otin carboxyl carrier protein (BCCP) through an amide
bond between the valeryl carboxyl of biotin and the am-
monium group in the side chain of a lysine residue in
BCCEP (fig. 2B). This places a total of 8 methylene groups,
and 10 rotatable single bonds, between the bicyclic ring
of biotin and the backbone of BCCP. Biotin therefore is
situated at the end of a ‘swinging arm’, which could fa-
cilitate its translocation between the active sites of BC
and CT (fig. 2B). The distance between the active sites of
BC and CT in transcarboxylase is about 7 A based on
nuclear magnetic resonance and electron spin resonance
studies [1].

Multi-subunit and multi-domain ACCs
ACCs have been found in most living organisms, includ-

ing archaea, bacteria, yeast, fungi, plants, animals and
humans. In Escherichia coli and many other bacteria, as
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Figure 2. The biochemistry of ACC. (4) The reaction catalyzed by ACC proceeds in two steps, with biotin carboxylase (BC) and
carboxyltransferase (CT) activity, respectively. (B) Biotin is situated at the end of a ‘swinging arm’, enabling it to translocate between the
active sites of BC and CT. Connections between BC and BCCP, BCCP and CT only exist in multi-domain ACCs and are indicated by dashed
lines. (C) Domain organization of human ACC1, human ACC2, yeast ACC, wheat ACC, Streptomyces coelicolor ACC, and the subunits of
archael (Metallosphaera sedula) and E. coli ACC. Sites of phosphorylation in the human enzymes are indicated with the bars and stars
in magenta. Sites of herbicide resistance mutations in plant ACCs are indicated with the bars in magenta in wheat ACC. (D) Amino acid
sequence conservation among the BC domains of representative multi-domain ACCs and the BC subunit of E. coli ACC. For each
comparison, the first number is the percent sequence identity, and the second is percent sequence similarity. (£) Amino acid sequence
conservation among the CT domains of representative multi-domain ACCs.

well as in the chloroplasts of many plants, ACCs are
multi-subunit enzymes (fig. 2C) [1, 18, 21, 22, 24, 25].
The BC subunit, with 449 amino acid residues (50 kD)
for the E. coli enzyme, carries the biotin carboxylase
activity, and biotin is linked to the BCCP subunit (156
residues, 17 kD). The CT activity is carried out by two
subunits, a and B, with 319 and 304 residues (35 and
33 kD), respectively, for the E. coli enzyme (fig. 2C). The
different subunits associate to form the holoenzyme of
ACC. However, this holocomplex is unstable, and can
readily dissociate under a variety of conditions [18, 22].
The BC subunit itself is a dimer in solution, and BCCPs

may behave as dimers or higher oligomers. The two sub-
units of CT form a stable a,f3, complex. The stoichiome-
try of the bacterial holoenzyme may be (BC),(BCCP),-
(CTa,CTp), [27]. A BC-BCCP complex can also be
isolated from E. coli [18, 27] and some plants [25].

In comparison, in humans and most other eukaryotes,
ACC is alarge (>200 kD), multi-domain enzyme that car-
ries the BC, CT and BCCP activities in a single polypep-
tide (fig. 2C) [1, 18, 24]. Human ACCI1 contains 2346
amino acid residues, with a molecular weight of 265 kD.
Human ACC2 contains 2483 amino acid residues, with
MW of 280 kD (fig. 2C). ACC2 contains a unique N-ter-
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minal extension of about 140 residues, which helps to
anchor this enzyme to the outer membrane of the mito-
chondria (fig. 1A) [7, 28]. The primary structures of the
multi-domain ACCs can be divided into three parts. The
N-terminal one-third of the proteins contains the BC and
the BCCP domains, and the C-terminal one-third con-
tains the CT domains (fig. 2C). The middle one-third of
the proteins is unique to multi-domain ACCs, and the
function of this region is currently not known.

More recently, a third form of ACC was identified in the
actinomycete Streptomyces coelicolor (fig. 2C) [29]. This
ACC enzyme has an a subunit (590 residues) that con-
tains both the BC and the BCCP domains, and a 8 subunit
(530 residues) that contains the CT domains. Interest-
ingly, this subunit organization of ACC is the same as that
for propionyl-CoA carboxylases (PCCs). In fact, the o
subunit is shared by ACC and PCC in this organism [29].
A fourth form of ACC may exist in the archaea, where
ACC is a multi-subunit enzyme, with BC, BCCP and CT
subunits (fig. 2C) [30]. In contrast to E. coli and other
bacteria, the archael CT subunit is a single protein of
about 520 residues, rather than two separate subunits.
This is similar to the f subunit of the ACC from Strepto-
myces [29], as well as the 8 subunit of PCC. The holoen-
zyme of archael ACC may have the stoichiometry
(BC)y(BCCP),(CT), [30].

The ACCs are highly conserved among living organisms,
underscoring the importance of their biological functions.
For example, the BC domain of human ACC1 shares 37%
amino acid sequence identity with the BC subunit of F.
coli ACC, whereas the BC domains of human and yeast
ACC share 63% sequence identity (fig. 2D). The BC sub-
units of E. coli and archael (Metallosphaera sedula) ACC
share 47% amino acid sequence identity. The CT domains
of eukaryotic ACCs share at least 45% amino acid se-
quence identity, and those of human ACC1 and ACC2
have 76% sequence identity (fig. 2E). In contrast to the
BC domain, the sequence conservation between the CT
subunits of E. coli and the CT domains of eukaryotic
ACC:s or the CT subunit of archael ACC is much lower.
This may reflect different evolutionary pressure on the
BC and the CT enzymes. It could also be possible that the
CT structure is less sensitive to variations of its amino
acid sequences.

The sequence conservation of the BCCP proteins is
mostly limited to the C-terminal biotinoyl domain, which
has the biotinylation site in a conserved (Ala/Val)-Met-
Lys-(Met/Leu) motif [22, 24]. The E. coli BCCP subunit
has MW of 17 kD, and the biotinoyl domain covers the
C-terminal 10 kD of the protein. The N-terminal half of
BCCEP is extremely flexible on its own, and can be easily
proteolyzed during purification, or by treatment with sub-
tilisin, to give truncated forms of BCCP (BCCPy) [18].
However, it is the full-length form of BCCP (BCCP, ) that
exists in the holoenzyme of E. coli ACC, and BCCP, is
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much more active in the ACC reaction than BCCP;.
BCCP, has a K, of about 0.3 pM as a substrate of both
the BC and CT subunits, whereas BCCPg has a K, of
25 pM.

ACC:s belong to the small family of biotin-dependent car-
boxylases. BCCP is the only biotinylated protein and
ACC is the only biotin-dependent enzyme in E. coli [21,
22]. Five biotin-containing proteins have so far been
identified in plants [24]. In humans, there are only three
other members of this family besides the ACCs, PCC, 3-
methylcrotonyl-CoA carboxylase (MCC), and pyruvate
carboxylase (PC) [20]. PCC catalyzes the production of
methylmalonyl-CoA from propionyl-CoA, and has a crit-
ical role in the metabolism of fatty acids with odd number
of carbons as well as amino acids Val, Thr, Ile and Met.
Patients with deficiencies in PCC activity suffer from the
metabolic disorder propionic acidemia [31]. MCC cat-
alyzes the production of 3-methylglutaconyl-CoA, and
has a crucial role in the metabolism of leucine. MCC de-
ficiency is a common cause of organic aciduria in patients
[20]. PC catalyzes the production of oxaloacetate, a cru-
cial intermediate in gluconeogenesis [20]. Patients with
PC deficiency show lactic acidemia, mental retardation,
developmental delay and other symptoms.

Biological roles of ACC

ACC:s catalyze the generation of malonyl-CoA, and this
malonyl-CoA product can be used in diverse biological
processes. The most important role of ACC is in the
biosynthesis of long-chain fatty acids. In fact, ACC cat-
alyzes the committed and rate-limiting step in fatty acid
biosynthesis, and is an essential enzyme in many organ-
isms [1, 18, 20-22, 25]. The critical roles of ACCs in
regulating fatty acid metabolism in mammals have been
discussed in the Introduction and will not be repeated
here. ACC may also have an important role in myelin [32,
33] and the brain [34]. The malonyl-CoA product may be
a satiety signal, partly explaining the hyperphagic behav-
ior of ACC2 mice.

In plants, ACC in the chloroplast is critical for the biosyn-
thesis of long-chain fatty acids [24, 25, 35]. Plants cannot
transport fatty acids over long distance, so these com-
pounds must be synthesized locally [25]. The plastid
ACC in most plants is composed of four distinct subunits,
which share significant amino acid sequence homology
to those of the bacterial ACCs [21, 22, 24, 25, 35]. Inter-
estingly, the f subunit of CT is encoded by the plastid
genome, whereas the other three subunits of ACC are
encoded by the nuclear genome.

In sharp contrast, the plastids of the grasses contain a
multi-domain ACC, similar to the animal ACCs (fig. 2C).
This unique plastid ACC of the grasses is a crucial deter-
minant of the sensitivity of these plants to herbicides (see
section on ACC inhibitors) [21, 24, 25, 36-38].
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The cytosol of plants contains a multi-domain ACC,
which is required for the extension of fatty acids to very
long-chain fatty acids and the synthesis of secondary
metabolites such as flavonoids [24, 25]. In Arabidopsis,
the cytosolic ACC gene is required for proper embryonic
patterning during development [39-41]. Several distinct
point mutations in this gene can affect the development
process. A missense mutation in the BC domain is located
in the active site, and is expected to disrupt the catalysis.
Three missense mutations in the CT domain are far from
the active site, and their mechanism of action is unknown.
A mitochondrial form of multi-domain ACC was recently
characterized in barley [42] and rice [43].

In yeast, deletion of the ACC gene is lethal. Interestingly,
yeast mutants lacking FAS can survive if long-chain fatty
acids are provided in the medium [25]. In contrast, mu-
tants lacking ACC arrest at the G,/M phase of the cell
cycle even in the presence of long-chain fatty acids [44].
This suggests that ACC has an essential role besides the
synthesis of long-chain fatty acids. This may be the syn-
thesis of very long-chain fatty acids, which are compo-
nents of sphingolipids and ceramides and are essential
for survival. ACC may also function together with nucle-
oporins to control the nuclear accumulation of a small
GTPase [45]. Yeast contains a second isoform of ACC,
known as HFA1. It is a mitochondrial enzyme, and is cru-
cial for fatty acid and especially lipoid acid biosynthesis
in that organelle [46].

In Streptomyces coelicolor, the malonyl-CoA product is
used for the biosynthesis of both fatty acids and polyke-
tides [29]. Many polyketide natural products are pharma-
ceutically important antibiotics, anticancer agents and
other drugs [47]. Archael organisms do not use fatty acids
in their lipids, and their ACC activity may be required for
CO, fixation instead [30].

Kinetic studies of ACC

The catalysis of ACC starts with the formation of the
carboxyphosphate intermediate in the active site of BC
(fig. 3) [19, 22]. A general base of the BC enzyme may
facilitate the extraction of the proton on the bicarbonate
substrate, which in turn attacks the y-phosphate of ATP to
produce carboxyphosphate and ADP. Decomposition of
this intermediate then produces inorganic phosphate and
CO,. One of the phosphate oxygens acts as a general base
to deprotonate the N1 atom of biotin, which can then at-
tack the CO, molecule to produce carboxybiotin. After
translocation to the active site of CT, carboxybiotin de-
composes to generate CO,, and the N1 atom of biotin acts
as the general base to extract a proton from the methyl
group of acetyl-CoA (fig. 3). Mutation of residues in the
active site of BC or CT failed to identify an amino acid
residue that functions as the general base in their cataly-
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Figure 3. Chemical mechanism of ACC. Modified from [19].

sis [22, 48], supporting the proposed mechanism (fig. 3).
Therefore, ACC represents an example of substrate-as-
sisted catalysis [22].

BC can also catalyze the bicarbonate-dependent hydroly-
sis of ATP, but at a very slow rate. In the presence of
biotin or BCCP, the rate of ATP hydrolysis increases up to
10,000-fold, a phenomenon known as substrate-induced
synergism [22]. Biotin binding may cause a conforma-
tional change in BC that facilitates optimal substrate align-
ment and ATP hydrolysis. This regulatory mechanism is
important, as it prevents BC from carrying out futile ATP
hydrolysis in the absence of biotin. Mutations of residues
in the active site of BC can easily disrupt this synergism,
suggesting these residues are conserved to ensure optimal
substrate alignment for catalysis [22].

The overall reaction of ACC in the forward or reverse
direction, as well as the reactions catalyzed by BC or CT,
can be assayed using spectrometric methods, by coupling
product formation to the oxidation or reduction of the
nicotinamide adenine dinucleotide (reduced) (NADH) or
NAD phosphate [NAD(P)*] cofactor, which leads to a
change in the absorbance at 340 nm [49]. Free biotin can
be used as the carboxyl acceptor for the BC reaction, and
biotin methyl ester (BME) is a good carboxyl acceptor for
the CT reaction, assayed in the reverse direction [48, 50].
The overall reaction of ACC in the forward direction can
also be assayed using a radioactive '*C-bicarbonate fixa-
tion method [51]. This radioactive assay was the basis of
a screening effort that identified potent inhibitors of
mammalian ACCs [52].

Kinetic studies of the multi-domain ACC from rat liver
showed that the substrate ATP binds first for the forward
reaction, followed by bicarbonate The ADP and P, prod-
ucts of the BC reaction are released before the binding
of the acetyl-CoA substrate for the CT reaction. The K,
values for the ATP, bicarbonate and acetyl-CoA sub-
strates are 15 pM, 2.5 mM and 25 pM, respectively.
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Although free biotin can be used as a carboxyl acceptor,
its K, values are very high, about 100 and 3 mM for
E. coli BC and CT, respectively [18]. As a comparison,
full-length BCCP (BCCP,) has a K, of about 0.3 pM as
a substrate for both the BC and the CT subunits.

E. coli CT can also catalyze the decarboxylation of car-
boxylated BCCP in the absence of the acetyl-CoA sub-
strate. As a consequence, carboxy-biotin is rather unstable
when bound to CT, with a #,,, of 6 min [18]. In compari-
son, free carboxy-biotin is more stable, and this stability is
enhanced in basic solutions, with #,, of up to 2 h [18, 53].
The isolated CT domains of eukaryotic ACCs can cat-
alyze the decarboxylation of malonyl-CoA in the absence
of the biotin substrate [unpublished results].

Regulation of ACC gene expression

In many bacteria, the genes for BC and BCCP are located
in an operon, with the BCCP gene at the 5" end [22]. In
E. coli, the expression of this operon is autoregulated by
BCCP [54]. The regulation of gene expression for multi-
subunit ACCs in bacteria and plants has an additional
layer of complexity. The expression of the four subunits
may need to be coordinated to reflect the stoichiometry of
the holoenzyme, although the mechanism of this regula-
tion is not known [22]. The situation is even more com-
plex in plants, where the B subunit of CT is encoded by
the plastid genome. Nonetheless, the messenger RNA
(mRNA) levels of the four subunits appear to be main-
tained at a constant ratio [24].

The expression of the yeast ACC gene is stimulated by
lipid precursors such as inositol and choline, consistent
with the role of this enzyme in the synthesis of very long
chain fatty acids and sphingolipids [44]. In wheat, tissue-
specific expression of the plastid and the cytosolic ACC
genes is driven by two nested promoters [55], which give
rise to alternative splicing near the 5" end of these genes
[56].

Human ACCI gene is located in chromosome 17q12, and
ACC2 gene is in chromosome 12q23. Multiple promoters
have been identified for mammalian ACC1 and ACC2
genes [8, 57-59]. Use of the different promoters can lead
to alternative splicing at the 5" end [57], some of which
modifies the N-terminal sequences of the encoded ACC
proteins [8]. Especially, transcripts derived from the most
downstream promoter (known as PIII) can encode an
isozyme of ACCI1 with a much shorter N-terminal seg-
ment [57, 60], which lacks the sites of phosphorylation by
AMP-activated protein kinase (AMPK, see next section).
This ACC1 isozyme may not be regulated by AMPK and
may be constitutively active [8]. Similarly, human ACC2
also has an alternate, shorter transcript, and the encoded
protein lacks the N-terminal unique segment that is be-
lieved to target this enzyme to the mitochondrial mem-
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brane [8]. The existence of isozymes of ACC1 and ACC2
offers additional flexibility in the regulation of these en-
zymes in different tissues, and in response to different
cellular conditions.

Expression of the ACC genes is controlled by several tran-
scriptional factors, including sterol regulatory element
binding proteins (SREBPla and SREBPIc) and carbo-
hydrate response element binding protein (ChREBP) [61—
63]. SREBPIc is regulated by insulin at the transcrip-
tional level, and a high-carbohydrate diet can induce the
expression of SREBP1c through the activation of insulin
signaling. Polyunsaturated fatty acids can decrease the
expression of ACC and SREBP1 [64]. ChREBP can be
induced by a high-carbohydrate diet, and activates the ex-
pression of lipogenic enzymes such as ACC and FAS in-
dependent of the action of insulin [65]. The hexosamine
biosynthesis pathway may also play a role in the activa-
tion of ACC and FAS expression by glucose [66].
Peroxisome proliferator-activated receptor y coactivator-
1, PGC-1a and PGC-1p, are transcriptional coactivators
that can potentiate the effects of transcriptional factors
and nuclear receptors [67]. PGC-18 can coactivate the
expression of SREBP-1a and SREBP-1c, and has crucial
roles in lipogenesis induced by high-fat diets [68].

Regulation of ACC enzymatic activity

Animal ACCs are controlled by both feedforward and
feedback regulation. Citrate, a precursor of the acetyl-
CoA substrate of ACC, is a feedforward allosteric activa-
tor of mammalian ACCs. On the other hand, long-chain
acyl-CoA, the ultimate product of the fatty acid biosyn-
thesis pathway, is a potent feedback inhibitor of mam-
malian ACCs [1, 7, 16, 18]. An important source of cyto-
plasmic citrate is pyruvate, produced from glycolysis and
other reactions. Pyruvate is converted to acetyl-CoA in
the mitochondria, which then reacts with oxaloacetate to
form citrate, catalyzed by the enzyme citrate synthase of
the tricarboxylic acid cycle. In the cytoplasm, citrate is
converted back to acetyl-CoA by the enzyme ATP-citrate
lyase. Therefore, citrate can also be considered as a trans-
port form of acetyl-CoA from the mitochondria to the
cytoplasm.

The active form of animal ACCs is a large, linear poly-
mer, with a molecular weight of about 8 million Da for
the complex [1, 18]. This polymer is made up of 10-20
protomers, which are dimers of the ACC enzyme. Citrate
and long-chain acyl-CoA regulate the enzymatic activity
of ACC partly by perturbing the equilibrium of this poly-
merization process. Citrate promotes the polymerization
of ACC, and thereby leads to enzyme activation. The
K, of citrate for ACC1 and ACC2 is about 2 mM [7], al-
though this activation may precede the polymerization
process, indicating that citrate may cause an activating
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conformational change in the protomer [69]. Besides
citrate, other anions can also promote polymerization, in-
cluding isocitrate, malonate, sulfate and phosphate.

In contrast to citrate, long-chain acyl-CoA is bound
tightly by ACC, with K in the nanomolar range, and pro-
motes the dissociation of the polymer into protomers.
This inhibition may partly explain the lean phenotype
observed in mice deficient in stearoyl-CoA desaturase 1
(SCD1), which is the crucial enzyme for producing un-
saturated fatty acids [70]. The lack of SCDI activity may
produce higher than normal levels of saturated long-chain
acyl-CoAs, which leads to the inhibition of ACCs and
consequently elevated fatty acid oxidation [11]. Stimula-
tion of AMPK may also play a role in metabolism in
SCD1-deficient mice [71].

Besides acute regulation by citrate and long-chain acyl-
CoAs, animal ACCs are also regulated by covalent mod-
ification, specifically phosphorylation of several critical
Ser residues [7]. AMPK is the critical kinase that can
phosphorylate both isoforms of ACC under physiological
conditions [72], which significantly inhibits the activity
of these enzymes (fig. 1B) through a reduction in the V,,,
and desensitizes them towards citrate activation. Phos-
phorylation by AMPK also potentiates the inhibitory ef-
fects of palmitoyl-CoA [73]. The sites of phosphorylation
by AMPK include Ser79, Ser1200, Ser1215 in ACC1 and
Ser218 in ACC2 (fig. 2C). Ser79 in ACC1, and equiva-
lently Ser218 in ACC2, are located just prior to the BC
domain (fig. 2C), and their phosphorylation may be suf-
ficient to inhibit the activity of ACCs, as ACC2 lacks the
phosphorylation sites equivalent to Ser1200 and Ser1215
of ACCI1 (fig. 2C). Besides AMPK, protein kinase A
(PKA) can also phosphorylate ACC1 and ACC2, at Ser77
and Ser1200 in ACC1, although the physiological rele-
vance of this covalent modification is not yet established
[7, 8].

AMPK is a master metabolic switch that becomes acti-
vated in response to a variety of stress signals and exercise
[74-78]. AMPK can also be activated by various adi-
pokines, such as leptin and adiponectin [3, 78—82]. Acti-
vated AMPK in turn regulates the catalytic activity of a
large number of enzymes and cellular processes through
phosphorylation, ultimately leading to inhibition of ATP-
consuming pathways (such as fatty acid biosynthesis) and
activation of ATP-producing pathways (such as fatty acid
oxidation). Therefore, AMPK is a natural dual inhibitor of
both isoforms of mammalian ACC (fig. 1B).

ACCs from E. coli and the yeast Schizosaccharomyces
pombe are not regulated by citrate or long-chain acyl-
CoAs [18]. ACC from the yeast Saccharomyces cere-
visiae is activated by citrate, although citrate does not
affect the homotetramer oligomerization state of this en-
zyme [1]. E. coli ACC is inhibited about 70% by 40 pM
medium- to long-chain acyl carrier proteins, which are
the direct products of FAS [22].

Acetyl-coenzyme A carboxylase

ACC:s as targets for drug action and drug discovery

In humans, ACC1 and ACC2 have central roles in fatty acid
biosynthesis and fatty acid oxidation (fig. 1A), making
these enzymes attractive targets for the discovery of novel
therapeutics against obesity, diabetes and other manifesta-
tions of the metabolic syndrome (fig. 1B) [16, 17].

Very few potent, small molecule inhibitors of mam-
malian ACCs are currently known. A series of such com-
pounds that inhibit both isoforms of mammalian ACCs
have recently been reported [52]. Compound CP-640186
(fig. 4A) has ICs, (inhibitory concentration 50%) values
of about 50 nM against ACC1 and ACC2 from rat, mouse
and monkey. In test animals, this compound reduced tis-
sue malonyl-CoA levels, inhibited fatty acid biosynthesis
and stimulated fatty acid oxidation, and most importantly
reduced body fat mass and body weight and improved
insulin sensitivity [17]. These observations demonstrate
the promise of ACC inhibitors in the treatment of meta-
bolic syndrome.

Stimulation of fatty acid oxidation is likely the principal
route for achieving a favorable clinical outcome for ACC
inhibitors. Therefore, any clinical candidate should po-
tently inhibit ACC2. It is currently not known whether
simultaneous inhibition of ACCI is required, or tolerated,
for a successful drug (fig. 1B) [17]. The CP-640186 com-
pound is non-selective against the two isoforms, and ap-
pears to have performed well in animal models, lending
support to the idea that isoform non-selective inhibitors
may be adequate, or possibly even superior [17]. Com-
plete specificity, inhibiting ACC2 without having any
effect on ACCl, is probably not a prerequisite. Consider-

—/

D N
o

Figure 4. Chemical structures of representative ACC inhibitors.
(4) CP-640186 [52]. (B) Haloxyfop. (C) Sethoxydim. (D) Soraphen
A [104]. (E) Moiramide B [111].



CMLS, Cell. Mol. Life Sci.  Vol. 62, 2005

ing the high degree of conservation between the two iso-
forms (see section on CT structure), achieving such a de-
gree of absolute specificity is likely to be difficult in
practice as well.

A benzoic acid compound, after being converted to its
CoA ester in the liver, is an inhibitor of both 5-hydroxy-
3-methylglutaryl (HMG)-CoA reductase (K of 18 pM)
and ACC (K; of 70 pM) [83]. The compound can lower
blood cholesterol and triglyceride levels in normal and
Zucker fatty rats. The CoA ester of an w-hydroxy-alka-
nedicarboxylic acid compound is an inhibitor of ACC
[84]. It reduced serum triglyceride and free fatty acid lev-
els, fasting glucose and insulin levels, as well as body
weight in animal models.

Analogs of long-chain fatty acids have been developed as
inhibitors of ACCs [17]. These compounds are converted
to their CoA esters and inhibit the enzymes by mimicking
palmitoyl-CoA. Linking the biotin and CoA substrates
together produced a bisubstrate analog inhibitor of ACC
[85]. A chloroacetylated biotin derivative can inhibit ani-
mal ACCs and reduce lipid accumulation [86].

In plants, ACC is a proven target for drug action. Two
classes of compounds kill sensitive plants by inhibiting
their fatty acid biosynthesis, and they have been used
commercially as herbicides for more than 20 years. These
aryloxyphenoxypropionate (FOP, also known as APP,
fig. 4B) and cyclohexanedione (DIM, also known as CHD,
fig. 4C) compounds are reversible inhibitors of grass
plastid ACC, and kinetic studies suggest they may inter-
fere with the CT activity of the ACC enzyme, with K; in
the nanomolar range [21]. The two classes of compounds
are mutually exclusive inhibitors, suggesting that they
may share a common binding site. The CoA esters of the
FOPs are more potent inhibitors of ACC than the parent
compounds, although it is not known whether this mode
of action actually occurs in vivo [87, 88].

The wide use of these herbicides has led to the emergence
of resistant weeds. It has also exerted selection pressure
on the nucleotide diversity in the black-grass ACC gene
[89]. Genetic analyses identified several single sites of
mutation in the CT domain that determine resistance
(fig. 2C), confirming the kinetic results that these herbi-
cides inhibit CT activity [24]. A single-site Ile-to-Leu
mutation (at the position equivalent to residue 1705 in
yeast ACC), which represents an extremely subtle change
in the side chain of the amino acid, is sufficient to confer
resistance to both the FOPs and the DIMs by the ACC
enzyme from many grasses, while those that are insensi-
tive to the herbicides have a Leu residue at this position
[90-94]. The mutation does not appear to affect the
catalytic properties of the enzyme. Cooperativity was
observed in the binding of herbicides to the mutated,
resistant or the naturally insensitive ACC enzyme ho-
modimer, whereas this phenomenon is not observed with
the sensitive enzyme [95].
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The second single-site mutation that confers resistance to
herbicides is an Ile-to-Asn change (equivalent to residue
1967 in yeast ACC), again in the CT domain of ACC [96,
97]. Interestingly, this mutation only affects sensitivity to
FOP compounds, but has minimal impact on the potency
of DIM compounds. The binding sites of these two classes
of compounds may not entirely overlap. Mutations at
three additional sites in the CT domain have been identi-
fied from resistant weeds [98]. An Asp —Gly change
(equivalent to residue 2004 in yeast ACC) confers resis-
tance to both the FOPs and DIMs, whereas a Trp —»Cys
and a Gly —Ala change (1953 and 2022 in yeast ACC)
confer resistance to the FOPs only. Efforts are under way
to develop new inhibitors that have activity against the
plastid ACC from resistant plants [99].

Cereal crops such as wheat are resistant to the herbicides
even though their plastid ACC enzymes are sensitive.
These plants can rapidly metabolize the herbicides to in-
activate them, offering another mechanism for achieving
herbicide resistance at the whole plant level [37, 100]. A
new DIM compound was found to inhibit the plastid ACC
enzyme from rice, but is not harmful to the rice plant
[101].

These herbicides are weak inhibitors against mammalian
and yeast ACCs [48, 102]. These enzymes contain a Leu
residue at the first position (1705 of yeast ACC), and a
Val residue at the second position (1967 of yeast ACC).
However, these differences are not the sole determinant
of herbicide sensitivity, as the L17051/V19671 double
mutant of yeast CT domain is not more sensitive to the
herbicides [103]. There must be additional structural dif-
ferences between these enzymes and the plastid ACCs
from grasses (see section on CT structure).

Soraphen A is a macrocyclic polyketide natural product
(fig. 4D) that is secreted by the soil-dwelling myxobac-
terium Sorangium cellulosum as a fungicide [104, 105]. It
is a potent inhibitor of the BC domain of eukaryotic
ACCs, with K, of about 1 nM, but it has no effect on bac-
terial BC subunits [17, 106, 107]. The compound has
been tested extensively as a broad-spectrum fungicide for
agricultural applications [105]. It is also being developed
for use as a dominant selection marker for fungal trans-
formation [108].

In bacteria, inhibiting fatty acid biosynthesis is an attrac-
tive approach for developing novel antibiotics [109, 110].
Most of the inhibitors are directed against the FAS enzyme
complex, while very few inhibitors of bacterial ACCs are
known. Recently, a potent inhibitor of the CT activity of
bacterial ACC was reported [111-113]. Moiramide B
(fig. 4E), a natural product, is competitive with the acetyl-
CoA substrate and has a K; value of 5 nM against the CT
subunits of E. coli and other bacteria, while having little
inhibitory activity against the eukaryotic ACCs.
Inhibition of ACC may also be efficacious for the treat-
ment of infections by apicoplexan parasites, which in-
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clude Plasmodium falciparum (the causative agent for
malaria) and Toxoplasma gondii [26, 114]. De novo fatty
acid biosynthesis in these organisms is localized in the
apicoplast, which contains a multi-domain ACC. Interest-
ingly, T gondii ACC is inhibited with moderate potency
(ICs, of 5-20 pM) by FOPs, while the enzyme is insensi-
tive to DIMs [115]. This apicoplast enzyme has a Leu
residue at the position (equivalent to 1705 in yeast ACC)
where the Ile -Leu mutation confers resistance to the
herbicides in plant ACCs. The Leu—Ile mutant is sur-
prisingly resistant to FOPs, suggesting the possible pres-
ence of structural differences in this region of the 7° gondii
enzyme compared with the plant enzymes.

ACC contains two catalytic activities, BC and CT. Shut-
ting down either activity should be sufficient to inhibit
the overall reaction of the enzyme. Almost all the ACC in-
hibitors are targeted against the CT, while soraphen A is
the only potent inhibitor of BC that is currently known. In
animals, it is conceivable that inhibitors could be found
that disrupt the polymerization process of the enzyme.

Structure of ACC

The holoenzyme of bacterial ACC is unstable and readily
dissociates into the individual subunits. Therefore, the
different subunits can be studied separately, and the first
structural information on the ACCs was obtained for the
BC subunit of E. coli ACC [116]. This was followed by
the crystal structure of the biotinoyl domain of E. coli
BCCP [117]. Crystals of the CT subunits of E. coli ACC
have also been obtained, but they do not diffract to suffi-
cient resolution for structural studies [22].

The exceptional size of eukaryotic multi-domain ACCs
(>200 kD) probably precludes any detailed structural
studies of these enzymes in their entirety. However, it has
been possible to study the domains in these enzymes sep-
arately. The first structural information on the CT activ-
ity of ACC was obtained for the yeast enzyme [48], and
the first structure of an eukaryotic (yeast) BC domain was
also determined recently [107].

BC

Crystal structures the free enzyme of E. coli BC as well
as the complex of an active site mutant (Glu288Lys) with
ATP have been determined [22, 116, 118]. The crystal
structure of the BC subunit of Aquifex aeolicus PC is
highly homologous to that of the E. coli enzyme [119].
The only structures of a eukaryotic BC domain are for the
yeast ACC, both the free enzyme and the complex with
the potent natural product inhibitor soraphen A [107].
The structure of BC has the ATP-grasp fold, which is
shared by several enzymes with related biochemical func-
tions — the ATP-dependent acylation of an amine or amide

Acetyl-coenzyme A carboxylase

nitrogen [120, 121]. The catalysis by these enzymes gen-
erally proceeds through the formation of an acylphos-
phate intermediate. The structure of BC contains three
domains, A, B and C domains, as well as the AB linker
that connects the A and B domains (fig. 5A). The A and
C domains and the AB linker form a cylindrical structure
(fig. 5A). The active site of the enzyme is located at the
top of this cylinder, where ATP is located. The B domain
is a lid over the active site. The adenine base of ATP is
recognized specifically by the enzyme, through hydrogen
bonding to its N1 and N6 atoms. The phosphates of ATP
interact with a glycine-rich loop in the B domain and sev-
eral Arg, Lys and His side chains from the B and C do-
mains, as well as a Lys residue from the AB linker.

The B domain may undergo a large conformational
change during catalysis. In the structure of BC in com-
plex with ATP, the B domain is in intimate contact with
the ATP molecule and closes the active site (fig. SA). In
contrast, in the structures of the free enzyme of bacterial
BC subunits [22, 119], the B domain assumes an open
conformation, where it is positioned away from the A and
C domains and can be more disordered (fig. 5B). Inter-
estingly, the B domain of yeast BC assumes a closed con-
formation even in the absence of ATP in the active site
(fig. 5A).

The bacterial BC subunits are dimers in solution [22].
The crystal structures show that the two monomers are
associated through their C domains (fig. 5C). The active
sites of the two monomers are located far from the dimer
interface, and it may therefore appear that each monomer
contains a complete active site (fig. 5C). The BC dimer
does not exhibit cooperativity in catalysis [22]. However,
dimerization is required for the activity of the BC sub-
units. Moreover, a heterodimer of E. coli BC with one
wild-type active site and an inactivated mutant active site
has essentially no activity [22]. The exact molecular
mechanism for this dimerization requirement is currently
not known. Eukaryotic BC domains are monomeric in so-
lution and are catalytically inactive [106, 107], suggest-
ing that dimerization may also be required for the activity
of these BC enzymes.

Soraphen A is bound in an allosteric site, about 25 A from
the active site of the BC domain, at the interface between
the A and C domains (fig. 5A) [107]. While the active site
of BC is located at the top of the cylinder formed by the
A and C domains, soraphen A is located at the bottom of
this cylinder, therefore at the opposite face of the BC do-
main from the active site (fig. SA).

Soraphen A has extensive interactions with the BC do-
main (fig. 6A), and most of the residues that are in contact
with this natural product are highly conserved among the
eukaryotic BC domains. This provides a molecular basis
for the potent activity of this polyketide against eukaryotic
ACCs. The structure also explans the resistance mutations
against soraphen A, for example Ser77Tyr and Lys73Arg,
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Figure 5. Structures of biotin carboxylase (BC). (4) Structure of yeast BC domain in complex with soraphen A [107]. The A, B and C
domains are given different colors. Soraphen A is shown as a stick model in green for carbon atoms, labeled Sor. The expected position
of ATP, as observed in the E. coli BC subunit [118], is shown in gray. (B). The open form of E. coli BC subunit free enzyme [116]. The
B domain is located far from the rest of the structure. (C) Dimer of E. coli BC subunit. The bound position of ATP is shown [118]. The

dimer axis is indicated with the magenta oval.

as they have important roles in binding soraphen A
(fig. 6A).

The compound is located on the surface of the BC do-
main, and half of its surface is exposed to the solvent
(fig. 6B). The binding of soraphen A leads to the burial of
the side chain of Trp487 (fig. 6A), which can be used as
the reporter for a fluorescence-based binding assay [107].
This allowed the characterization of the impact of muta-
tions in the binding site, and the observed effects provide
further support for the structure of the complex.

Yeast BC domain shares 37% amino acid sequence iden-
tity with the E. coli BC subunit (fig. 2D). While their
overall structures are similar, there are significant differ-
ences between them, especially in the soraphen A binding
site [107]. The largest difference in this region is in the
positioning of strand $19 in the central 3 sheet of the C
domain, which is shifted by about 3 A in the E. coli BC
subunit towards the soraphen A binding site (fig. 6C). As

a consequence, the binding site is blocked by this f strand
in the E. coli enzyme (fig. 6D). Therefore, soraphen A
does not inhibit the bacterial BC subunits due to struc-
tural differences between the bacterial and eukaryotic BC
in its binding site.

Located in an allosteric site, soraphen A may indirectly af-
fect substrate binding in the active site or it may function
through a novel mechanism. There is little conformational
change in the BC domain upon soraphen A binding, so it
is unlikely for soraphen A to affect substrate binding
[107]. Structural comparison with the bacterial BC dimer
suggests that soraphen A may be located in the interface of
the putative dimer of eukaryotic BC domains (fig. 6E).
Therefore, soraphen A binding may disrupt the dimeriza-
tion of eukaryotic BC domains. Native gel electrophoresis
experiments with the BC domain provide evidence in sup-
port of this structural prediction. Soraphen A promotes the
appearance of a fast migrating band in this gel, whereas it
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Figure 6. The binding mode of soraphen A to the yeast BC domain. (4) Schematic drawing of the interactions between soraphen A and the
yeast BC domain [107]. (B) Molecular surface of the BC domain in the soraphen A binding site. (C) Structural comparison between yeast
(in yellow) and E. coli (cyan) BC in the soraphen A binding site. The shift in the position of strand 19 is indicated with the red arrow. (D)
Molecular surface of the E. coli BC subunit in the soraphen A binding site. The soraphen A molecule is shown for reference, and has ex-
tensive steric clash with the bacterial BC subunit. (£) The dimer interface of the . coli BC subunit [118]. The position of soraphen as ob-
served in the yeast BC domain structure is shown for reference, in green for carbon atoms. (/) Native gel showing the electrophoretic mo-
bility of wild-type and Lys73 Arg mutant of yeast BC domain in the absence or presence of soraphen. Possible bands in the gel are marked

with the arrowheads.

has no effect on the migration behavior of the soraphen-
insensitive Lys73Arg mutant (fig. 6F). Soraphen A may
inhibit the BC activity via a novel mechanism, by func-
tioning as a protein-protein interaction inhibitor to disrupt
the dimerization (or oligomerization) of the enzyme.

CT
The yeast CT domain is the only CT enzyme from ACC
for which structural information is currently available, as

a free enzyme or in complex with CoA [48], the herbicides
haloxyfop or diclofop [103], or the inhibitor CP-640186
[50]. Crystal structures of CT from other enzymes have
also been reported, including the CT subunit of gluta-
conyl-CoA decarboxylase (Geda) from Acidaminococcus
fermentans [122], the transcarboxylase 12S core from
Propionibacterium shermanii [123], and the § subunit of
PCC from Streptomyces coelicolor [124].

The structure of yeast CT domain contains two subdo-
mains (fig. 7A) [48], N and C domains, which are equiv-
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Figure 7. Crystal structure of the CT domain of yeast ACC. (4) Schematic drawing of the structure of yeast CT domain dimer [48, 50, 103].
The N domains of the two monomers are colored in cyan and magenta, and the C domains are colored in yellow and green. The positions
of CoA (gray), haloxyfop (black) and CP-640186 (gold) are shown. (B) The active site of yeast CT domain. The N domain is shown in cyan,
and the C domain of the other monomer in green. The side chains of residues in the active site are shown in purple. The prime () in the
labels indicates the C domain of the other monomer of the dimer. (C) Molecular surface of the active site region of yeast CT domain. The
side chain of Lys1764 (in helix a6, 15 A from the active site) has been removed to facilitate the viewing of the active site. The bound
position of biotin in the B subunit of PCC is shown for reference in green [124].



1796 L. Tong

alent to the fand a subunits of £. coli CT (fig. 2C). Both
domains have the B-f-a superhelix fold that is found in
crotonase and other proteins [22, 125]. Crotonase and
several other enzymes of this superfamily have important
roles in the fB-oxidation of fatty acids, indicating the in-
triguing possibility that ACC and these enzymes might
share a common evolutionary origin. The N and C do-
mains of CT also contain many unique features, such as
significant surface insertions (fig. 7A). In addition, the
binding site for the adenine base of acyl-CoA exists only
in the N domain and is absent in the C domain.

Yeast CT domain is a dimer in solution. The two mono-
mers of the dimer are arranged in a head-to-tail fashion,
such that the N domain of one monomer is in contact with
the C domain of the other monomer (fig. 7A). Most of the
residues in this interface are highly conserved among eu-
karyotic multi-domain ACCs, and the dimeric nature of
the CT domains is also consistent with the a,f, stoi-
chiometry of the bacterial CT subunits. The CT domain
of human ACCl is also dimeric in solution [50], and the
structure of the yeast CT domain dimer is likely a good
model for the human enzyme as well.

The active site of the CT domain is located at the dimer
interface (fig. 7A) [48]. While most of the CoA molecule
is associated with the N domain, the thiol group of CoA
is situated right at the dimer interface (fig. 7B). The a6
helix from the N domain of one monomer and the a6’ he-
lix from the C domain of the other monomer form two
walls of a deep canyon in the active site of the CT domain
(fig. 7C), and the small f sheets of the B-B-a superhelix
of the two domains form the floor of the canyon (fig. 7B).
It is expected that the biotin substrate will approach the
active site from the C domain of the other monomer,
and this has been confirmed in the structure of the  sub-
unit of PCC in complex with biotin and propionyl-CoA
(fig. 7C) [124].

There is essentially no conformational change in the CT
domain upon CoA binding. The adenine base of CoA is
recognized by the CT domain through specific hydrogen
bonding to its N1 and N6 atoms [48]. The phosphate
groups of CoA are located close to several Lys and Arg
residues (fig. 7B). Argl1731 interacts with both the o and
B phosphate of CoA, and mutation of this residue leads to
a 14-fold increase the K, of the malonyl-CoA substrate
[48]. Mutation of another residue that contact the phos-
phates, Arg2036’ (with prime indicating the second
monomer), has no effect on enzyme activity, suggesting it
has little contribution to CoA binding. Mutation of the
Argl954’ residue (fig. 7B) has the largest impact on the
catalysis by the CT domain, producing a 75-fold increase
in the K, for malonyl-CoA and 300-fold decrease in the
k/K,. This residue is strictly conserved among the
multi-domain ACCs and may be involved in recognizing
the carboxyl group of the malonyl-CoA or carboxybiotin
substrate.

Acetyl-coenzyme A carboxylase

The FOP compounds are bound at the dimer interface
(fig. 7A), in a novel pocket in the active site region of the
CT domain [103]. The pyridyl ring of haloxyfop shows -
stacking interactions with the side chains of Tyr1738 and
Phe1956’, and the phenyl ring is sandwiched between two
peptide planes (fig. 8A). Even though there is no spatial
overlap between haloxyfop and CoA (fig. 7A), steric
clash between the herbicide and the acetyl or malonyl
group of the substrate is expected. This is supported by
kinetic studies showing that haloxyfop is a competitive
inhibitor versus the malonyl-CoA substrate for the yeast
CT domain [48], although the K against the yeast CT is
rather weak, about 250 pM.

A large conformational change in the active site region of
the CT domain is observed in the haloxyfop complex
(fig. 8B), and this change is required for the binding of
this herbicide. The side chains of Tyr1738 and Phe1956’
assume new conformers, and the main chain of Phe1956”
shifts by about 2 A (fig. 8B). In the free enzyme, these
two residues contact each other and help cover the hy-
drophobic core of the dimer (fig. 7B). Their positions in
the free enzyme structure actually clash with the bound po-
sition of haloxyfop (fig. 8B). The conformational changes
of these and other residues, together with a change in the
organization of the dimer (fig. 8B), create a binding
pocket that opens up into the core of the dimer. This con-
formation of the CT domain is incompatible with the
binding of the acetyl- or malonyl-CoA substrate, and
therefore it may not have a role in the catalysis by this
enzyme.

Two residues that confer resistance to the herbicides when
mutated, which are equivalent to Leul705 and Val1967 of
yeast CT, are located at opposite ends of the haloxyfop
binding site (fig. 7A, B) [103]. These are the only two
residues in the binding site that show variations among the
multi-domain ACCs (fig. 9 and see below). However, the
exact molecular mechanism of the resistance mutations is
currently still not clear, as neither of the two residues show
crucial contacts with the herbicide (fig. 8A). A double mu-
tant of yeast CT, changing both residues to Ile, is not more
sensitive to the herbicides [103].

The three additional mutations that confer resistance to
the herbicides in black-grass [98] are not in direct contact
with haloxyfop, but are located close to the binding site.
The Trp — Cys mutation is equivalent to residue Trp1953”
in yeast CT. This residue has m-stacking interactions with
the side chain of Trp1924’, which is located next to the tri-
fluoromethyl group of haloxyfop (fig. 8A). Like Val1967
in this region of the binding site, the Trp —Cys mutation
confers resistance only to the FOPs [98]. The Asp —»Gly
mutation is equivalent to residue Asp2004” in yeast CT.
This residue is hydrogen-bonded to the side chain of the
strictly conserved Trp2000” at the C-terminal end of the
a5’ helix, while the N-terminal end of this helix interacts
with haloxyfop (fig. 8A). The mutation may have dis-
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Figure 8. The binding mode of inhibitors to yeast CT domain. (4) Schematic drawing of the interactions between haloxyfop and the yeast
CT domain [103]. (B) Structural overlay of the CT domain free enzyme (in gray) and the haloxyfop complex (in cyan and green for the
N and C domains) near the inhibitor binding site. (C) Molecular surface of the active site region of yeast CT. The CoA and CP-640186
molecules are shown in gray and gold, respectively. (D) Schematic drawing of the interactions between CP-640186 and the yeast CT do-
main. (£) Three distinct binding regions in the active site of CT. Comparison of the binding modes of CP-640186 (in gold), haloxyfop

(black) and CoA (gray).

rupted the conformation of this helix, and hence inter-
fered with herbicide binding. The Gly — Ala mutation is
equivalent to residue 2022” in yeast CT. Interestingly,
yeast ACC has an Ala residue at this position, which is lo-
cated in a hydrophobic environment that contains Leul 705
(fig. 7B).

Several attempts at determining the binding mode of the
DIM compounds to the yeast CT domain have not been
successful. These compounds are not sensitive to the mu-
tation of the residue equivalent to Val1967’, and therefore
may not contact this part of the binding site (fig. 8A).

Val1967” becomes accessible to herbicide binding only
after the conformational change in the dimer interface
(fig. 7B). Therefore it will be interesting to observe
whether DIM binding is dependent on a conformational
change in the CT domain.

CP-640186, a potent inhibitor of mammalian ACCs [52],
is also bound in the dimer interface, in the active site
region of the CT domain (fig. 7A) [50]. In contrast to the
FOP compounds, the binding of this compound does not
cause any significant conformational changes in the CT
domain. The anthracene group of the inhibitor is situated
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in the canyon of the CT active site, having tight interac-
tions with helices a6 and a6’ from the two monomers
(fig. 8C). The rest of the inhibitor is situated over the C
domain of the second monomer (fig. 8C), suggesting that
CP-640186 may utilize the biotin binding site of the en-
zyme (fig. 7C). The compound is noncompetitive versus
the acetyl-CoA or malonyl-CoA substrate [50, 52]. Both
carbonyl oxygens of the inhibitor are involved in hydro-
gen-bonding interactions with main chain amides from
the CT domain (fig. 8D).

The presence of the anthracene fluorophore in CP-640186
allowed the development of a fluorescence anisotropy
binding assay to measure the affinity of this compound for
various CT domains [50]. CP-640186 is a moderate in-
hibitor of the yeast CT domain, with K, of about 7 pM. It
is more potent against the CT domain of human ACCI,
with a K of 1.2 pM. However, the IC;, of this compound
against full-length rat ACC1 and ACC2 is 50 nM, and the
morpholino group is important for high-affinity binding
[52]. One face of this group is exposed to the solvent in
the complex with the yeast CT domain. The BCCP do-
main in the full-length ACC may help cover this part of
the binding site and shield the compound from the sol-
vent. In addition, the IC;, values against the rat enzymes
were measured in the presence of the activator citrate,
which can protect the enzyme against inactivation by
avidin [52]. It is possible that citrate promotes the tight
association of the BCCP and CT domains, thereby mak-
ing biotin inaccessible to avidin, and conferring addi-
tional potency to the CP-640186 compound against the
mammalian ACCs.

Remarkably, there is little structural overlap among the
bound positions of CoA, haloxyfop and CP-640186
(fig. 8E), suggesting the presence of at least three distinct
regions for inhibitor binding in the active site of the CT do-
main. Nanomolar inhibitors against the plant ACCs have
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been developed using the haloxyfop binding site [36], and
nanomolar inhibitors against the mammalian ACCs have
been developed using the CP-640186 binding site [52].
This bodes well for the identification and development of
potent inhibitors against human and other ACCs.

The active site region of the CT domain is highly con-
served among the multi-domain ACCs (fig. 9). For ex-
ample, in the immediate neighborhood (within 5 A) of
the CP-640186 molecule, there are only six amino acid
differences between the CT domains of yeast ACC and
human ACCI. This suggests that the overall binding
mode of the compound to the human enzymes should be
similar, and the yeast enzyme is a good surrogate for
defining the molecular mechanism of action of mam-
malian ACC inhibitors (until the human enzymes are
crystallized). There are six amino acid differences be-
tween human ACC1 and ACC2 in the active site region of
CT, none of which is in contact with the inhibitors or the
substrate (fig. 9). It remains to be seen whether these dif-
ferences are sufficient for the development of isoform
selective inhibitors of mammalian ACCs. It may also be
possible that amino acid differences between ACC1 and
ACC?2 outside the active site region can indirectly affect
the conformation of the active site, which could help en-
hance the selectivity of inhibitors.

The tertiary and quaternary organization of the yeast CT
domain is also observed in the 12S core of the transcar-
boxylase from Propionibacterium shermanii [123] as well
as the B subunit of PCC from S. coelicolor [124]. The
structures of these two enzymes are highly homologous to
each other, as they share 51% amino acid sequence iden-
tity. The sequence conservation between them and the
yeast CT domain is much weaker, in the 20% range, un-
derscoring their remarkable conservation in structure.
The structure of the CT subunit of glutaconyl-CoA de-
carboxylase (Geda) also contains two domains with the

N domain 1591 1596 1625 1630 1705 1710 1735 1740 1760 1765

S. S. g5 p6 ) o4 B9 a5 a

Yeast ACC FKIGSF LAANSGARIG CERGSGLIA RSVGIGAYLVR ILTGAPAINKML

Human ACC1l R V8 N M: =AI —L=—V=

Human ACC2 !R—=== v!—====——= N M: =AI —===—-E—L=—V=

Wheat ACC ———====——= NEH=-AA=- =T A= FS—-L=-L=
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Haloxyfop 000 00@®00 080080000 0000008000

CoA 000080 00000000 00 O 0000000 00000000 O
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Figure 9. The active site of the CT domain is highly conserved among the eukaryotic multi-domain ACCs. Residues that are within 5 A
of CP-640186, haloxyfop and CoA are indicated by filled circles in gold, green and gray, respectively. Residues that are within 10 A are
indicated by the open circles. Residues that confer herbicide resistance when mutated are highlighted in red. Residues that are different be-

tween human ACC1 and ACC2 are highlighted in magenta.
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crotonase fold, and the enzyme is a dimer in solution
[122]. Surprisingly, the arrangement of the two domains
in Geda monomer is entirely different from that seen for
the CT domain of yeast ACC, and as a consequence the
organization of the Geda dimer is different as well. The
unique biological function of this enzyme, providing en-
ergy for a sodium ion pump, may be consistent with this
novel structural organization [122].

BCCP

The structure of the C-terminal biotinoyl domain of BCCP
contains a central f-sandwich, with pseudo-twofold sym-
metry (fig. 10) [22, 117]. The biotinylation motif is lo-
cated in a tight S-turn of this S-sandwich (fig. 10). The
ureido ring of biotin interacts with a unique inserted seg-
ment in the structure of BCCP, known as the thumb
(fig. 10), and this interaction also helps to stabilize the
biotinoyl domain [126]. The lipoyl domain of pyruvate
dehydrogenase shares the same structural features as the
biotinoyl domain, suggesting a possible evolutionary re-
lationship between the two proteins [22].

Residues of BCCP outside the biotinoyl domain are highly
flexible in structure. A Pro/Ala-rich linker segment is lo-
cated just prior to the biotinoyl domain. Deletion of this
linker results in an inactive mutant, although it can still be
biotinylated [127]. The first 30 residues at the N terminus
may be involved in the dimerization of BCCP, while the
biotinoyl domain of BCCP is monomeric in solution,
even at 1-2 mM concentrations [22]. These residues also
mediate the interactions between BCCP and BC, forming
a (BC),(BCCP), complex [27]. It may be possible that

Thumb

Figure 10. Structure of BCCP. Structure of the monomer of E. coli
BCCP [117]. The biotin prosthetic group is shown, and the ‘thumb’
is labeled.
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each BC active site interacts with a BCCP dimer in this
complex.

Summary and perspectives

ACC:s are biotin-dependent carboxylases and catalyze the
production of malonyl-CoA from acetyl-CoA with the hy-
drolysis of ATP. Multi-subunit ACCs are found in bacteria,
archaea and the chloroplasts of most plants, whereas
multi-domain ACCs are found in most eukaryotes. ACCs
have crucial roles in the biosynthesis and metabolism of
fatty acids, as well as other important secondary metabo-
lites, and ACC activity is crucial for the viability of most
living organisms. The activities of these enzymes are
regulated both at the transcriptional level and at the pro-
tein level, in response to a variety of cellular and nutri-
tional signals. Structural information on the subunits or
domains of these enzymes has greatly enhanced our un-
derstanding of their catalytic mechanism as well as the
molecular mechanism of their inhibition.

This is an exciting time for research on enzymes involved
in fatty acid metabolism and the regulation of their ex-
pression and activity. The important roles of these en-
zymes in the pathogenesis of obesity, type 2 diabetes and
other clinical manifestations of the metabolic syndrome
have generated a significant amount of new and renewed
interest in them. The current intense research activity in
this area should significantly increase our basic under-
standing of the expression, regulation and mechanism of
these enzymes. Just as important, it can be expected that
the research activity could lead to the development of
modulators of these enzymes that prove efficacious in the
clinic. This should be of tremendous benefit to the popu-
lation in general, in our fight against the obesity epidemic.
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