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Abstract

Acetyl-CoA carboxylase catalyzes the carboxylation of acetyl-CoA to malonyl-CoA. This reaction constitutes
the first committed step of fatty acid synthesis in most organisms, while its product also serves as a universal pre-
cursor for various other high-value compounds. The important regulatory and rate-limiting role of acetyl-CoA
carboxylase makes this enzyme a powerful tool in a variety of biotechnological and medical projects. This review
presents the current knowledge on structural and functional features of the enzyme and focuses on its divergent
applications. Different metabolic engineering attempts that lead to the production of various compounds, such
as fatty acids, polyketides or flavonoids, are presented and their advantages and limitations discussed. The impor-
tance of studies on acetyl-CoA carboxylase activity for design and development of new herbicides and antibiotics
as well as for medical intervention is also highlighted.
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Abbreviations

Aas  – Acyl-acyl carrier protein synthetase 
ACCase – Acetyl-coenzyme A carboxylase 
ACP – Acyl carrier protein 
Acs  – Acetyl-coenzyme A synthetase 
BC  – Biotin carboxylase 
BCCP  – Biotin carboxyl carrier protein 

CoA  – Coenzyme A 
CT  – Carboxyl transferase 
FA   – fatty acids 
FAS  – fatty acid synthesis 
FFA  – Free fatty acid 
TAG  – triacylglycerol

Acetyl-coenzyme A carboxylase – enzyme archi-
tecture, biochemistry and its role in cell physiology

A variety of biotechnological projects targeted to mo-
dulate acetyl-coenzyme A carboxylase activity in bacteria,
plants and humans have been proposed and experimen-
tally tested. Here, we would like to present a comprehen-
sive review of these strategies together with a survey of
the potential of acetyl-CoA carboxylase for biotechnology.

Acetyl-coenzyme A carboxylase (ACC, E.C.6.4.1.2),
recognized as an essential enzyme for all Eukaryotes and
the majority of Bacteria, is responsible for carboxylation
of acetyl-CoA that results in malonyl-coenzyme A forma-
tion (Fig. 1). Malonyl-CoA is a major building block for
compounds such as fatty acids, polyketides and flavo-
noids – important components for cell growth, as well as
for food, pharmaceuticals and energy production.

The malonyl-CoA synthesis consists of two half-re-
actions (Nikolau et al., 2003). The first one, adenosine
triphosphate-dependent carboxylation of biotin prosthe-
tic group covalently bound to a module named biotin
carboxyl carrier protein (BCCP), is catalyzed by ACCase
segment of biotin carboxylase activity (BC) (Fig. 2). This
reaction is immediately followed by the second half-re
action: the transfer of a carboxyl group from carboxyla-
ted biotin to acetyl-CoA, resulting in malonyl-CoA forma-
tion. Carboxyl transferase (CT) is a module that cata-
lyzes the second reaction and provides the required spe-
cificity in recognition of the carboxyl acceptor (ace-
tyl-CoA). The ACCase model usually presents BCCP,
a module with covalently attached biotin, as a beam res-
ponsible for biotin dislocation between two active centers
– one with BT and the other with CT activity. The three
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Fig. 1. Acetyl-coenzyme A carboxylation consists of two half-
reactions resulting in malonyl-CoA synthesis. The first half re-
action is adenosine triphosphate dependent carboxylation of
a biotin prosthetic group and second one – transcarboxylation
of acetyl-CoA. Bicarbonate ion and acetyl coenzyme A are sub-
strates, ATP and magnesium ions are required for the first

half reaction – biotin carboxylation

Fig. 2. Schematic model of acetyl-coenzyme A carboxylase com-
posed of four separate subunits – prokaryotic type enzyme.
Biotin is responsible for carboxyl group translocation between
two active centers – biotin carboxylase and carboxyl transferase

modules are formed either by separate peptides, as in pro-
karyotic ACCases, or by domains within a single, long pep-
tide as in eukaryotic type ACCase (Fig. 3). The prokary-
otic and eukaryotic types of ACCases are evolutionary re-
lated and the phylogeny of the modules provides some
hints about their cenancestor, a split between Archaea
and Bacteria, and arising of Eukaryota (Lombard and Mo-
reira, 2011).

Phylogeny is out of scope of this manuscript, but
acetyl-coenzyme A carboxylases from various organisms
representing various domains of life are discussed in this
review. While, traditionally two abbreviations are in use
for acetyl-coenzyme A carboxylase: ACCase for plant
enzymes and ACC for human (metazoan) ones, combi-
ning them (often in the same paragraph or even senten-
ce) may be confusing. We decide to use consistently one
abbreviation and the enzyme name is replaced with
“ACCase” when necessary.

Bacteria have a prokaryotic type ACCase with a cha-
racteristic separation of carboxyl transferase module
into two different peptides: alpha- and beta-CT, coded by
two distinct genes. Such ACCase structure is also pre-
served in plastids owing to their bacterial origin. Plant
cells are exceptional among the Eukaryotes that have
both types of ACCases: the eukaryotic type residing in
cytosol and the prokaryotic one in plastids (Sasaki and
Nagano, 2004; Gornicki et al., 1997; Gornicki et al.,
1994; Podkowinski et al., 1996). Plastidic ACCase produ-
ces malonyl-CoA, the sole source of carbon for de novo
fatty acid synthesis (FAS) (Rawsthorne, 2002). Plastid-
produced malonyl-CoA is separated from cytosolic path-
ways as there are no mechanisms for its transport across
plastid membranes. Plastid ACCase activity is usually
much higher than the cytosolic one due to high demand
for fatty acids that are used in plant cells either as com-
ponents of cell membranes or storage material. The cyto-
solic (eukaryotic) type ACCase provides malonyl-CoA for
the synthesis of very long fatty acids (20 or more carbon
atoms), flavonoids and anthocyanins. Traditionally, these
compounds are classified as secondary metabolites but
a detailed analysis of plant cytosolic ACCases has proved
their essential role in plant development (Zuther et al.,
2004).

Animal and fungal ACCases are exclusively of eukary-
otic type with one putative exception, the nematode
Turbatrix aceti enzyme, which has not been applied for
biotechnological purposes so far (Meyer and Meyer,
1978; Barber et al., 2005). Both animals and fungi have
two isoforms of ACCases designated as ACC1 and ACC2.
The best studied ones are human enzymes: ACC1 (also
named ACC-alpha, coded by ACACA gene) located in
the cytosol, abundant in lipogenic tissues such as liver or
adipose, and ACC2 (ACC-beta, coded by ACACB gene) as-
sociated with mitochondria and highly abundant in skele-
tal muscles and heart (Brownsey et al., 2006). The ACC2
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Fig. 3. Architecture of acetyl-coenzyme carboxylases. The organization of subunits and domains arrangement of ACCases from
bacteria, dicotyledonous plants, monocotyledonous plants, yeast and humans are presented. Proteins synthesized in cytosol and
targeted to organelles are presented in immature form, including targeting peptide marked with green for plastid targeting pep-
tide, and with black for peptide responsible for directing protein to the outer mitochondrial membrane. Dicotyledonous accA

is a plastid genome gene for CT-beta subunit whereas all other peptides are coded on nuclear genome (Tong 2005)

form has an N-terminal mitochondria targeting peptide
which docks the enzyme on the outer mitochondrial
membrane exposed to the cytosol (Abu-Elheiga et al.,
2000). The two forms of ACCases play different roles in
human cellular homeostasis, which results from differen-
ces in genes regulation, proteins activity and product
allocation. The cytosolic ACC1 produces malonyl-CoA for
FAS and, therefore, both enzyme activity and gene
transcription are increased under anabolic conditions.
The mitochondria-associated ACC2 is mainly involved in
the regulation of fat beta-oxidation pathway by inhibiting
carnitine palmitoyl transferase-1 (CPT-1) which controls
the long chain fatty acyl-CoA transport into mitochon-
dria. Hence, the two isoforms of human ACCases play
opposite roles in cellular energy homeostasis.

A high diversity of bacterial metabolic pathways does
not allow a brief, general characterization of ACCase and
the impact of its product on cellular processes in this
group of organisms. Escherichia coli, the model bacteria
of well-studied biochemistry and molecular biology as
well as a “working horse” of biotechnology, provides
some introductory information on ACCase relations with
other biochemical pathways. In E. coli, the ACCase sub-
strate – acetyl-CoA is directed mainly to tri-carboxylic
acids cycle, leaving only a small fraction for malonyl-CoA
synthesis and, subsequently, for fatty acids production.
Multiple regulatory mechanisms control the amount of
acetyl-CoA entering FAS pathway, as well as ACCase
gene expression and the enzyme activity. All these fac-
tors are tightly adjusted to cell growth rate, the demand
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for phospholipids and other macromolecules. One of
the recently discovered mechanisms that coordinate
carboxyl transferase genes expression with the rate of
cell metabolism depends on the specific interactions
between CT subunits and transcripts of their genes
(Meades, Jr. et al. 2010).

E. coli model is not capable of covering the whole
diversity of bacterial biochemistry and, in other bacterial
species, the malonyl-CoA pool may be directed to other
pathways and be spent exclusively on FAS. Whereas
a global demand for renewable fuel makes fatty acids
production in bacteria the most obvious goal of bio-
technology, the other bacterial routes of malonyl-CoA
processing may also find practical applications. One of
such promising pathways is the 3-hydroxypropionate
cycle in autotrophic carbon fixation present in some bac-
teria and archaeons, which allows them to fix inorganic
carbon dioxide (or bicarbonate), as shown schematically
in Figure 4 (Zarzycki et al., 2009; Tabita, 2009). The abi-
lity to synthesize all building blocks of life from the most
oxidized form of carbon is of particularly great bio-
technological value as a method for production of an un-
limited variety of compounds or carbon dioxide seque-
stration. Till now, only a small part of bacterial metabolic
pathways have been applied in biotechnology but fast de-
velopment in this field will certainly attract attention to
this type of uncommon biochemical pathways.

ACCase in bacteria and algae-based biotech projects

Acetyl-CoA carboxylase as the enzyme responsible
for the first committed reaction in the fatty acid biosyn-
thesis was also suggested to be the major rate-control-
ling step of this pathway. Therefore, the identification of
ACCase encoding genes opened the door to engineering
organisms to be used as bioreactors for fatty acid pro-
duction. While this field of biotechnology is expanding,
driven by the increasing needs for renewable sources of
energy, malonyl-CoA, the direct product of the reaction
catalyzed by ACCase, also serves as a universal precur-
sor for a variety of other high-value compounds. They
include divergent polyketides and flavonoids, both found
at the center of interest owing to their various biochemi-
cal activities widely applied in pharmaceutical industry.

The first metabolic engineering application of
ACCase was the overexpression of a set of four E. coli
genes encoding four bacterial subunits of this enzyme

(Davis et al., 2000). All genes were assembled in an arti-
ficial operon under bacteriophage T7 promoter. Grou-
ping all genes under the same tightly controlled, indu-
cible promoter on a low copy plasmid was essential for
the project as an abnormal ratio and high concentration
of ACCase subunits are harmful to bacterial growth. The
transgenic ACCase subunits were produced in near equi-
molar ratios, forming a mature, catalytically active com-
plex in vivo. Their high abundance resulted in around 50-
times higher enzyme activity within the cells. Interes-
tingly, 50-times increased amounts of transgenic BCCP
were efficiently processed by native bacterial biotin pro-
tein ligase, an enzyme responsible for the posttranslatio-
nal modification essential for the ACCase activity. In this
project, the free fatty acids (FFAs) were excreted into
the culture medium which became a high capacity meta-
bolic sink storing the product and separating it from
the engineered pathway and other pathways that are es-
sential for cell homeostasis. This redirecting and un-
coupling of FFAs from phospholipids synthesis was
achieved through the overexpression of modified bacte-
rial tesA gene coding for thioesterase I (TesA) lacking
the leader peptide that targets it to the cellular peri-
plasm. The presence of bacterial TesA in the cytosol is
the clue factor that redirects FAS to FFAs secretion to
the culture medium (Cho and Cronan, Jr., 1995). TesA
cleaved the long chain products of FAS pathway from acyl
carrier protein (ACP), which allowed the export of FFAs
into the medium. While reduced cellular acyl-ACP concen-
trations stimulated FAS by decreased feedback inhibition,
high FFA concentration channeled the products into the
extracellular metabolic sink. The whole system became
a functional bioreactor for FFAs production. In this stu-
dy, the 50-times increased activity of the enzyme resul-
ted in near 100-times higher level of malonyl-CoA in
the cell. In consequence, FAS was “pumped up” accor-
ding to previous expectations, but even with the use of
a high capacity sink, the rate of FFA synthesis increased
only 6 times. This was probably due to some later steps
of the pathway such as reactions catalyzed by enoyl
reductase and 3-ketoacyl ACP synthase. Nevertheless,
this pilot work shaped the path for ACCase metabolic
engineering in bacteria and thus proved that this multi-
subunit enzyme might be reconstituted in bacteria and
is able to efficiently produce fatty acids.

Some of the reoccurring problems were solved by
equipping the E. coli strain overexpressing ACCase ge-
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Fig. 4. A 3-hydroxypropoinate cycle from autotrophic carbon fixation (Zarzycki et al. 2009). Acetyl-coenzyme A and propionyl-co-
enzyme A carboxylases facilitate an inorganic carbon dioxide fixation forming glyoxylate

nes with additional modifications, targeted to directly in-
crease fatty acids production efficiency (Lu et al., 2008).
Firstly, E. coli  gene fadD  coding for acyl-CoA synthetase
was knocked-out since the deficiency of its product resul-
ted in the inhibition of the fatty acids degradation path-
way. Secondly, overexpression of E. coli endogenous
thiosterase gene was, as in a previous study (Davis et al.,
2000), intended to partially block feedback inhibition
caused by increased amounts of long chain fatty acyl-
ACP. Thirdly, the expression of plant thioesterase gene
from Cinnamomum camphorum increased the abundan-
ce of short chain fatty acids, which is beneficial for bio-
diesel production. Such E. coli strain was capable of ef-
ficient production of fatty acids, achieving productivity of
0.024 g of fatty acids per 1 h and 1 g of dry mass. This
result is within the order of magnitude of ethanol-speci-
fic productivity in commercial processes. A detailed ana-
lysis revealed that more than 50% of the overproduced

fatty acids were accumulated in free form and, surpri-
singly, most of them were sequestered inside cells or in
periplasm. The authors suggest that such a distribution
was the result of re-absorption of fatty acids firstly
excreted into the medium.

Recently, much effort has been put into improving
the malonyl-CoA level in E. coli cells for the production
of its other derivatives (Zha et al., 2009). The study in-
volved coexpression of Corynebacterium glutamicum
ACCase and E. coli acetyl-CoA synthetase (Acs) enco-
ding genes oriented to increase intracellular malonyl-
CoA level, combined with inactivation of competing, ace-
tyl- and malonyl-CoA consuming pathways. Acs is an en-
zyme that produces acetyl-CoA as a result of acetate assi-
milation process within bacterial cells. Genes coding for
phosphotransacetylase and acetate kinase i.e. the enzy-
mes responsible for reversal conversion of acetyl-CoA to
acetate were deleted from E. coli genome to improve
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the effect of Acs activity. Simultaneously, bifunctional al-
cohol/aldehyde hydrogenase gene was deleted, thus eli-
minating another way of acetyl-CoA utilization by ethanol
synthesis. The modified bacterial strain showed 15-fold
higher malonyl-CoA concentration accompanied with de-
creased concentration of acetyl-CoA. Although in this
case carbon flux was effectively redirected toward malo-
nyl-CoA synthesis, its utility in large scale biosynthesis
still awaits verification. The engineered strain was trans-
formed with phloroglucinol synthase gene phlD, which
enables conversion of three molecules of malonyl-CoA
into phloroglucinol. Phloroglucinol is a polyketide used,
for example, as an intermediate for pharmaceuticals pro-
duction, as a smooth muscle relaxant or as an antioxi-
dant. Unfortunately, the observed production efficiency
of 1.28 g/L (a 2.5-fold change compared to control strain
with phlD expression) was much lower than expected,
compared to malonyl-CoA concentration improvement,
probably due to product toxicity to bacterial cells. Inte-
restingly, a much more effective phloroglucinol produc-
tion strategy has been recently shown using an E. coli
strain which overexpressed marA (multiple antibiotic
resistance) gene which increased bacterial tolerance to
the product (Cao et al. 2011). In this study, coexpression
of phlD and four ACCase subunits genes demonstrated
the productivity of 3.8 g/L (2.1-fold change to the control
strain) at large scale fed-batch fermentation conditions.
This was the highest phloroglucinol production efficien-
cy reported to date and proved that single ACCase over-
expression is sufficient to greatly improve the produc-
tion rate of the entire synthesis pathway.

Similarly, coexpression of two genes of C. glutami-
cum ACCase proved to greatly increase the overall pro-
duction efficiency of flavanones, the direct precursors of
the vast majority of flavonoids (Miyahisa et al., 2005). In
this study (2S)-naringenin and (2S)-pinocembrin were
synthesized in E. coli by employing an artificial biosyn-
thetic cluster of genes that included phenylalanine am-
monia lyase from yeast, cinnamate/coumarate:CoA ligase
from the actinomycete Streptomyces coelicolor, chal-
cone synthase from a licorice plant, and chalcone isome-
rase from a Pueraria plant. A similar effect, related to an
increased availability of malonyl-CoA in the cell, was ob-
served during the production of five different plant flavo-
nones accompanied by expression of Photorhabdus lu-
minescens ACCase gene (Leonard et al., 2007). In this
case, the increased ACCase activity present in E. coli

cells was additionally supported by overexpression of
bacterial gene coding for Acs. The achieved flavanone
production levels were also claimed to be the highest
from any recombinant system reported to date.

Nowadays, much focus is also put toward an efficient
biosynthesis of fatty acids, since these compounds are
highly in demand for biofuels production. Apart from
E. coli, cyanobacteria that make use of solar energy and
CO2 seem to be good hosts for this purpose. Cyanobac-
teria are the evolutionary ancestors of plant plastids,
therefore FAS machineries of both are similar (Voth-
knecht and Westhoff, 2001). In a recent study, geneti-
cally modified cyanobacteria were used to produce and
secrete fatty acids mimicking a process that occurs in
plants, where FFAs are synthesized in plastids and sub-
sequently exported to the cytosol (Liu et al., 2011).
The strategy involved numerous deletions in Synecho-
cystis sp. wild type strain. One goal was to prevent pro-
duction of substantial by-products that would compete
with production of FFAs. For this purpose, two poly-3-
hydroxybutyrate (PHB), two cyanophycin, acyl-ACP syn-
thetase (Aas) and phosphotransacetylase (Pta) encoding
genes were disabled. Other deletions of hemolysin-like
surface layer protein gene and penicillin-binding protein
(PBP2) gene (responsible for peptidoglycan layer assem-
bly) aimed to enhance the secretion of FFAs into the me-
dium. Simultaneously, some genes were introduced to
increase FFA production, including a set of E. coli
ACCase genes and E. coli thioesterase I gene. The TesA
protein was, as in previous cases, modified by deletion
of the periplasm-targeting peptide. Finally, to adjust
the chain length of secreted FFAs for further fuel pro-
duction, a set of additional plant thioesterases which
hydrolyze acyl-ACP thioester bonds with preference to
particular fatty acid attached was also introduced.
The results show that FFA-secreting cyanobacteria pro-
vide a promising, yet still not fully developed technology
enabling efficient production of this compound. Their
attractiveness stems from the fact that synthesized FFAs
may be directly collected from the culture medium, and
that their chemical properties may be adjusted according
to further needs. This complex metabolic engineering
study again illustrates the significant role of ACCase in
increasing fatty acids biosynthesis.

Other interesting candidates for biodiesel production
are microalgae that can naturally accumulate substantial
amounts of energy-rich compounds, like triacylglycerols
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(TAG) or starch. Although in some microalgal species,
lipid content may reach up to 75% of their dry weight, it
is usually conditioned by the occurrence of some en-
vironmental stress such as a lack of nitrogen. Simultane-
ously, the proliferation rate is markedly decreased, and
affects the overall productivity of the system (Hu et al.,
2008). In order to combine high lipid content with re-
lative ease of cultivation and high production efficiency,
metabolic engineering trials were conducted. ACCase of
the diatom Cyclotella cryptica became the first microal-
gal metabolic engineering target (Dunahay et al., 1996).
This project greatly facilitated the development of micro-
algal expression vectors and transformation protocols for
future projects. However, the overexpression of ACCase
gene in this study did not enhance lipid production signi-
ficantly, which suggests that some other rate-limiting
steps of the pathway occur and must be identified and
improved. Several other metabolic engineering studies
aiming to improve TAG production in algae did not re-
sult in markedly better outcomes (Sheehan et al., 1998).

In summary, bacterial systems with ACCase over-
expression were shown to be suitable for efficient pro-
duction of various malonyl-CoA derived compounds,
including fatty acids, polyketides, and flavonoids. Al-
though overproduction of ACCase alone increases the to-
tal malonyl-CoA pool in the cells, the productivity requi-
red for the industrial scale may be obtained only with ad-
ditional modifications that disable native regulatory and
competing processes. While among the well known and
widely utilized advantages of E. coli is the fact that they
grow on a variety of inexpensive carbon sources and that
the genetics and biochemistry of the bacterium has been
well researched, cyanobacteria that use exclusively CO2

and solar energy have been found to be a good alterna-
tive to serve as hosts in the production processes.
Photosynthetic algae based projects also seem to be very
promising alternative, as those organisms are the most
efficient biological producers of oil on the planet. Yet,
microalgal technologies are still under development, and
probably more complex metabolic engineering appro-
aches will be required to enhance their lipid biosynthesis
efficiency.

ACCase – essential enzyme for oil production 
in plants

The goals of acetyl-CoA carboxylase manipulations in
plants are dual: (i) to increase the efficiency of plant oil

production and (ii) to better understand the mechanisms
regulating FAS pathway on molecular and genetic levels.

The role of biotin carboxyl carrier protein in fatty
acids deposition in seeds was characterized by trans-
genic Arabidopsis thaliana plants of up- and down-acti-
vated gene for BCCP2 – an isoform predominantly ex-
pressed in flowers and developing seeds (Thelen and
Ohlrogge, 2002). Down-regulation of this gene did not
reveal a significant phenotype apart from a reduced level
of the protein and a decreased, by 9%, content of fatty
acids in seeds. A weak phenotype might be explained by
unaffected expression of gene for BCCP1 which partially
complemented the silenced homologue. More significant
were the results of seed-specific BCCP2 overexpression,
where a twofold increase of BCCP2 was accomplished
with 23% lower fatty acids content in seeds. A detailed
analysis of these transgenic plants revealed that A. tha-
liana native biotin protein ligase – contrary to E. coli
– did not process abnormal amounts of BCCP subunits
and left the majority of them not biotinylated. Such im-
mature peptides competed with the biotinylated ones in
the formation of ACCase complexes, which resulted in
the suppression of the overall enzyme activity in plas-
tids. These transgenic plants with suppressed plastid
ACCase activity in seeds became a model to study the
relations between FAS and other pathways (Chen et al.,
2009). Transcriptomic and proteomic analyses of this
model have revealed that A. thalina response to low-oil
phenotype occurred at both gene and protein level. In-
duction of storage proteins was one of the major alter-
nations and proved that oil and protein synthesis share
carbon intermediates. The suppression of ACCase is an
exclusive method to study in vivo function of this en-
zyme, the knock-out of which is lethal.

Nicotiana tabacum transformed with a gene for BC
under constitutive promoter 35S CaMV proved that
overexpression of a gene for other subunit is less de-
leterious for plant development (Shintani et al., 1997).
Transgenic plants were capable of tolerating even five
times higher expression of biotin carboxylase gene than
wild type plants. This high amount of ectopically expres-
sed biotin carboxylase neither influenced the leaf oil
content nor the expression of genes for other subunits,
and the majority of overexpressed BC peptides remained
in an uncomplexed form. The differences between biotin
carboxylase and BCCP phenotypes result, most proba-
bly, from posttranslational processing of BCCP. Whereas
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non-biotinylated BCCP molecules are inactive, the whole
pool of BC, including transgene originated peptides, is
composed of identical, functionally valid molecules.

Overexpression of BCCP and BC genes proved that
coordinated expression of ACCase subunits observed in
wild type plants did not include mechanisms capable of
adjusting subunits expression to the most abundant ones
(Ke et al., 2000). Whereas plants with suppressed plas-
tid ACCase activity clearly showed that seed oil content
depends on malonyl-CoA availability in this organelle,
the approach depending on one of plastid ACCase sub-
units overexpression was not able to increase the ma-
lonyl-CoA production in plastids.

This goal was achieved with another method, i.e. tar-
geting the eukaryotic type cytosolic ACCase to plastids.
A chimeric gene comprising translational fusion between
a transit peptide of a small unit of ribulose bisphosphate
carboxylase and A. thaliana cytosolic ACCase was used
to direct cytosolic enzyme to plastids. Brassica napus
transformed with this transgene under napin promoter
gave plants of 10- to 20-folds higher ACCase activity in
seeds (Roesler et al., 1997). A thorough examination
proved that the heterologous transit peptide was able to
efficiently direct the extremely large, 2254 amino acids
long ACCase protein into plastids and that the protein
was biotinylated to the level comparable with native cyto-
solic ACCase. The high ACCase enzymatic activity ob-
served in developing seeds (10- to 20-fold increase) was,
probably, a result of transgene efficient expression and
a reduction in protein turnover due to its atypical loca-
tion. The transgenic plants were of 5% higher average
seed oil content than the wild type plants and their oil
was enriched in oleic acid. The relative small increase in
oil content in comparison with the highly increased
ACCase activity could have resulted from the shortage
of FAS enzymes or proteins involved in fatty acids depo-
sition in seeds. Still, rapeseed with 5% higher oil content
in seeds provides advantages for agriculture and in-
dustry.

A similar approach based on the eukaryotic type
ACCase directed to plastids was used in studies on po-
tato metabolism (Klaus et al. 2004). The plants were
transformed with a construct comprising a gene for
A. thaliana eukaryotic ACCase fused on N – termini with
a Rubisco small subunit transit peptide under 35S CaMV
promoter. This promoter ensured constitutive and effi-
cient expression of the transgene, the product of which

was biotinylated and which was subsequently transpor-
ted into plastids. Plastids from potato tuber cells are
hosts for two processes: sequestration of the photosyn-
thesis-originated carbohydrates in the form of starch and
synthesis of fatty acids. The transgenic potato made it
possible to study the crosstalk between the two path-
ways and unraveled that overexpression of plastid targe-
ted eukaryotic ACCase lead to a much greater increase
in fatty acids production than the blocking of starch syn-
thesis. The transgenic plants revealed of 10-fold higher
ACCase activity and 5-fold higher content of TAG.
The latter are the most abundant form of storage lipids
and the final product of fatty acids processing. These re-
sults proved that potato tubers are capable of synthe-
sizing storage lipids and the efficiency of this process
depends on ACCase activity in plastids. This activity may
be enhanced with a cytosolic enzyme provided with
small, heterologous transit peptide. Contrary to subunit
BCCP, the transgenic eukaryotic type acetyl-CoA carbo-
xylase was efficiently biotinylated, even when its abun-
dance was one or two orders of magnitude higher than
in normal cells. The efficient biotinylation seems to be
characteristic of a eukaryotic type ACCase targeted to
plastids as it was observed in plants from distinct fami-
lies – Brassicaceae and Solanaceae; however, the nature
of differences between BCCP and the eukaryotic type
ACCase biotinylation efficiency remains obscure.

An analysis of transgenic plants with modulated ace-
tyl-coenzyme A carboxylase activity suggests that an ef-
ficient production of malonyl-coenzyme A is an indispen-
sable, but not sufficient, prerequisite for high oil content
in plant storage organs. The oil content as a quantitative
trait is determined polygenically by genes from multiple
loci, which include genes for enzymes processing malo-
nyl-coenzyme A into lipids or TGA, packing them into oil
bodies, as well as genes participating in the maturation
of the storage organ. A coordinated expression of these
genes depends on specific transcription factors which
might become convenient tools in plant biotechnology.
Studies on transcriptional control of genes contributing
to oil content in Glycine max seeds resulted in the iso-
lation of two such transcription factors – GmDof4 and
GmDof11 (Wang et al., 2007). Their phenotypes studied
with transgenic A. thaliana revealed an 11-22% higher
content of fatty acids in seeds, an increased content of
lipids in seeds, and a bigger seeds size and seed weight.
One of these transcription factors, GmDof4 was shown
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to enhance expression of biotin carboxylase gene with-
out affecting the expression of other ACCase subunits.
It is not clear how the enhanced expression of biotin
carboxylase gene stimulated fatty acids biosynthesis, and
whether the differences in expression of plastid ACCase
subunits genes resulted from the heterologous system
applied for analysis – G. max transcription factors ex-
pressed in A. thaliana plant, but the results proved that
specific transcription factors efficiently enhance lipid
content in seeds.

The plants with overexpressed G. max Dof trans-
cription factors proved that this indirect method of gene
expression manipulation may be applied for increasing
oil/lipid content in storage organs. The knowledge of
transcriptional regulation of fatty acids synthesis in
plants are not satisfactory and more detail studies on
promoters of genes involved in FA synthesis and seed
development are necessary to develop this technology.
What seems especially promising, although not yet tes-
ted, is a combination of the two approaches – overex-
pression of a chimeric gene for plastid targeted cytosolic
ACCase accomplished with enhanced expression of
specific transcription factors

Plant ACCases and susceptibility for herbicides

Herbicides from three chemically dissimilar groups:
aryloxyphenoxypropionates (AOPP, fops), cyclohexane-
diones (CHD, dims) and phenylpyrazolines are widely
used in agriculture to control monocot weeds (Poaceae
family). The specificity of these herbicides depends on
differences in plastid ACCases architecture, since only
the eukaryotic type enzyme, built of a single, large pep-
tide with three domains, is susceptible to herbicide in-
hibition. Such eukaryotic type ACCases in plastids are
characteristic of Poaceae family where the herbicides
action blocks the whole FAS pathway, which conse-
quently causes death of the plant. Some monocot crops,
such as wheat, are resistant to herbicides, although their
plastids ACCases are still sensitive due to the rapid
metabolism of the inhibitors. The isolation of an eukary-
otic type plastid ACCase genes from wheat and using
them for complementation of yeast ACC1 null mutation
enabled the studying of plant genes in a yeast system
(Podkowinski et al., 2003; Gornicki et al., 1997; Joachi-
miak et al., 1997). An analysis of a series of chimeric
ACCases composed of fragments of plastid and cytosolic

enzymes of different herbicide sensitivity, located the
specific amino acids responsible for herbicide sensitivity
within the conserved region of carboxyl transferase do-
main (Nikolskaya et al., 1999; Zagnitko et al., 2001).
The comparison of natural, herbicide-resistant maize
plastid ACCase mutants with a susceptible, “wild type”
enzyme and an engineered mutant of an altered, specific
single amino acid proved that the resistance to herbicide
depends on leucine substituting isoleucine in a position
equivalent to 1705 aa of yeast ACCase.

The natural maize mutant used in this study is not
unique, and till now, such mutants have been reported
for 35 weed species (www.weedscience.org) (Devine and
Skula, 2000). The analysis of mutants revealed that plas-
tid ACCases resistance to herbicides is associated with
the alternations of five amino acids from CT domain
(Delye et al., 2005; Nikolau et al., 2003). Since herbicide
resistance originates from natural, spontaneous muta-
tions and spreads relatively easily, there is an urgent
need for new herbicides active against the resistant
weeds, and also for new, faster methods of these com-
pounds’ development. This progress depends greatly on
analysis of carboxyl transferase interactions with inhibi-
tors, substrates, and product on molecular level. As long
as plant ACCase or its CT domain have not been crystal-
lized, their structural analysis and molecular modeling
base on the crystal structure of yeast CT domain (Tong,
2005; Zhang et al., 2003). According to this model,
the CT domain is composed of two: N- and C-subdo-
mains, which correspond to prokaryotic CT-alpha and
CT-beta subunits, respectively, and both have β-β-α
superhelix fold. Plants CT domains are expected to form
head-to-tail dimers, which are the active form of enzyme,
capable of binding and processing the substrate – acetyl-
CoA. The interface of the CT domains within dimer is
composed of highly conserved amino acids, which also
create an active site, and are involved in interactions
with thiol group of CoA. Based on molecular modeling
and structure of related enzyme – propionylo-coenzyme
A carboxylase, a biotin substrate is expected to approach
the CT active site from C-subdomain of the other CT
monomer (Diacovich et al., 2004).

The studies on CT domain interactions with herbi-
cides are also the most advanced for the yeast enzyme.
The crystal structure of yeast carboxyl transferase do-
main complexed with herbicides from the aryloxy-
phenoxypropionate group (fops) revealed that herbicide



J. Podkowiński, A. Tworak330

docks on yeast CT dimer interface, in pocket within
the active site region but without overlapping with the
substrate binding region (Zhang et al., 2004). This herbi-
cide binding pocket is created as a result of haloxyfop
interactions with CT dimer and is associated with a large
conformational change of the active site region and its
vicinity. The modified conformation of a CT domain in
complex with a herbicide is incompatible with substrate
binding, which, probably, is the main mechanism of in-
hibition. Yet, the interactions in yeast and monocots are
not identical, as the yeast enzyme is much less sensitive
to the inhibition with herbicides active against mono-
cots. Moreover, the yeast model does not explain
the molecular mechanisms of resistance as none of the
five amino acids which confer herbicide resistance, is in
direct contact with haloxyfop. Also, the inhibition mecha-
nism in the yeast enzyme is not completely clear as
single and double mutants are of similar sensitivity.
The inhibition caused by dim herbicides is even less
understood (Tong, 2005).

The model of CT domain interactions with herbi-
cides from APP class has been recently refined with
computational modeling methods applied for Alopecurus
myosuroides cytosolic ACCase with mutation W374C
(Zhu et al., 2011). The mutated ACCase, with trypto-
phan 2027 (position without parenthesis numbered ac-
cording A. myosuroides cytosolic ACCase) substituted
for cysteine, reveals different levels of resistance to va-
rious APP herbicides with very small structural differen-
ces. Computational modeling of a wild type and mutant
CT domains proved that whereas amino acid at position
2027 did not interact directly with APP herbicides, sub-
stituting tryptophan for cysteine at this position caused
conformational changes in residues at position 1999
(Trp346), 2030 (Phe377), and 1699 (Tyr161). These
two latter amino acids participate in APP herbicides bin-
ding with pi stacking. The role of tryptophan at position
2027 (Trp374) depends on pi stacking with tryptophan
at 1999 (Trp346) which, subsequently, induces specific
conformation of phenylalanine at 2030 (Phe377). Even-
tually, this induced conformation of phenylalanine 2030
is favorable for herbicide binding. The models generated
for four APP herbicides of different half maximal inhibi-
tory concentration value (IC50) identified six amino acids
involved in pi stacking and H-bond formation between
herbicide and CT domain. One of these amino acids –
tryptophan at position 1999 (Trp346) – is specific for pi

stacking exclusively with benzoxazol ring of fenoxaprop.
This additional interaction is probably responsible for fe-
noxaprop superior IC50 value as the benzoxazol ring is not
present in any other of the analyzed herbicides. The con-
sistent correlation between the binding free energy calcu-
lated for the four analyzed APP herbicides complexed
with CT domain and their IC50 value reinforce the models.

As long as there are no crystallography data, the com-
putational modeling and simulation are the only methods
available for elucidation of the monocots ACCase inhibi-
tion mechanism on atomic level. The results obtained
form computational techniques supported by a functional
analysis and experimental approaches allow to design no-
vel ACCase inhibitors for agriculture.

Human ACCase as target in diseases treatment

Humans have two acetyl-coenzymes A carboxylases
that play opposite roles in cell energy metabolism.
The functions of those enzymes in cellular biochemistry
and human physiology are complex and cannot be limi-
ted to simply providing malonyl-CoA for FA production.
The defects in their activity or their genes expression
are associated with various diseases such as obesity,
insulin resistance and diabetes as well as heart disease
and cancer (Tong and Harwood, 2006; Folmes and Lopa-
schuk, 2007). One of the proposed medical applications
of the enzymes depends on their inhibition, which is
associated with inhibition of fatty acids synthesis and
stimulation of fatty acids oxidation, and which, in con-
sequence, might reduce cardiovascular risk in metabolic
syndrome. Compound CP-610431 bipiperidine deriva-
tive, and its analog of higher metabolic stability
CP-640186, isolated by high-throughput screening, are
such inhibitors active against both ACCase isoforms
(Harwood, Jr., et al. 2003). Kinetic studies on ACCase –
CP-610431 complex and the crystal structure of yeast
CT domain – CP-640186 complex have revealed that the
binding site for these inhibitors is located on the carbo-
xyl transferase domain (Zhang et al., 2004). The crystal
structure of human ACC2 CT domain enabled identifica-
tion of amino acids responsible for inhibitor binding and
elucidated the role of extended C-terminus specific for
human (metazoan) enzyme in stabilization of CT dimer
interface and inhibitor binding region (Madauss et al.,
2009). A series of modified CP-640186 derivatives de-
signed on the basis of these structural data led to
the discovery of novel human ACCase inhibitor named
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26h (spirolactones bearing 2-ureidobenzothiophene) of
improved activity, which discriminated between ACC1
and ACC2 enzymes (Yamashita et al., 2011).

CP-610431 and its derivatives are not the unique
inhibitors of human ACCases. Others compounds of si-
milar activity include natural polyphenol (resveratrol)
(Gnoni and Paglialonga, 2009) or macrocyclic polyketide
(soraphen), which interacts with biotin carboxylase do-
main of ACCase and interferes with ACCase phospho-
rylation (Cho et al., 2010; Jump et al., 2011). Progress in
the improvement of the properties of inhibitors depends
on the assays for screening, validation and characteriza-
tion of those compounds. A recently reported system
based on yeast ACC1 gene-replacement strains is in-
expensive and capable of high-throughput screening of
chemical libraries (Marjanovic et al., 2010). Identifica-
tion of an inhibitor, using this method, relies on the com-
parison of the yeast growth rate in the presence and ab-
sence of the analyzed compound, where the growth rate
is evaluated simply by measuring the yeast culture ab-
sorption at 580-620 nm. The yeast strain used in this
method has an inactivated ACC1 gene complemented
with a gene for eukaryotic ACCase of interest residing on
yeast shuttle vector. Both human genes (ACC1 and ACC2)
complemented yeast mutation. However, strains with hu-
man ACC2 enzyme grew more slowly, probably, due to
a lower expression level of the transgene. Human enzy-
mes with fused His-tag complemented the yeast ACC1 de-
ficiency in a similar manner as the unmodified, full length
proteins, but the low expression level made the yeast sy-
stem unsuitable for recombinant protein isolation. Human
ACCases were produced in baculovirus/insect Sf9 cell ex-
pression system to be later used in enzymatic assays for
verification of selected candidate inhibitors.

This chemical compounds screening system proved
highly reliable in pilot tests, where yeast strains comple-
mented with well-characterized eukaryotic type ACCases
were grown in the presence of known inhibitors. This
standardization of protocol and availability of well-chara-
cterized controls allowed screening of three chemical
libraries that together comprised more than 33,000 com-
pounds. The screen resulted in 38 potential inhibitors of
human acetyl-coenzyme A carboxylase 2. Two of these
candidate inhibitors were analyzed in vitro with enzyma-
tic assays. The analysis revealed that one of them does
not discriminate between human ACCases isoforms,
while the second compound was confirmed to be a highly

specific inhibitor of human ACC2 enzyme, unaffecting
ACC1. The analysis of the second compound in yeast re-
placement system with a gene for chimeric ACCase
suggests that the binding site for this inhibitor is located
outside CT domain.

The yeast gene replacement system which includes
a set of yeast strains with well-characterized eukaryotic
ACCases could be applied for various purposes such as
isolation of inhibitors of other specificity, search for
enzymes resistant against given inhibitor or studies on
enzyme – inhibitor interactions. The role of inhibitors is
not limited to the disease treatment only; they also facili-
tate studies on ACCases roles in physiology or regula-
tory processes as it was demonstrated in studies on
hypothalamic regulation of food intake (Hu et al. 2003).
Also, RNA interference is used for discriminating be-
tween the functions of particular ACCases isoforms
(Savage et al., 2006). This technology was used for eluci-
dation of ACC1 role in cancer (Brusselmans et al.,
2005). The method that enables versatile studies on
ACCase genes functions in living organims relies on
transgenic mouse lines with knock-out genes. A systemic
ACC2 knock-out was reported to cause continuous fatty
acids oxidation, reduced hepatic and body fat mass and
an increase in energy expenditure, which was associated
with reduced skeletal and cardiac muscle malonyl-coen-
zyme A and reduced susceptibility for diet-induced obe-
sity and diabetes (Abu-Elheiga et al., 2001; Abu-Elheiga
et al., 2003; Choi et al., 2007). Recently a new mouse
line has been generated, which enabled conditional de-
letion of ACC2 gene from skeletal muscles – the predo-
minant site of this gene expression. This conditional
ACC2 deletion did not support any of the previously
reported effects (Olson et al., 2010), which probaly was
associated with differences in gene knock-out techno-
logies: whereas “whole body knock-out” mice possessed
deleted gene region coding for biotin binding motif re-
sulting in production of incorrect transcript and inactive,
truncated protein, the recently generated mouse line
with conditional ACC2 deletion has a completely inacti-
vated gene which does not produce any protein.
ACCases application in medicine and pharmacology still
needs more detail studies to better understand the role
of these enzymes in human physiology as well as etio-
logy and development of diseases. In such basic studies,
biotechnology seems to play an auxiliary function.
The advantages of biotechnological methods such as
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high-throughput and standardization make them suitable
for inhibitor discovery/development projects.

ACCase as a target in infectious diseases

The infectious diseases associated with apicoplexan
parasites affect a large portion of human population as
they include malaria caused by Palsmodium falciparum
and a weakened immune system and encephalitis caused
by Toxoplasma gondii, which is present in 30% of the po-
pulation. The two apicoplexan protozoans possess FAS-
associated ACCase located in apicoplast, a non-photo-
synthetic plastid. The enzyme is of eukaryotic type and
reveals sensitivity to herbicides from the aryloxypheno-
xypropionate group (Zuther et al., 1999; Jelenska et al.,
2001). The most effective herbicide from this group clo-
dinafop, inhibits the growth of T. gondii in human fibro-
blasts by 70% and eliminates the parasite in 2-4 days.
The analysis of T. gondii ACCase in yeast replacement
line mapped the susceptibility for inhibitor to CT do-
main. The similarity of positions of amino acids respon-
sible for apicoplexan and plant enzymes sensitivity for
the herbicide suggests that the molecular mechanisms
of the two processes are also similar (Jelenska et al.,
2002). The low toxicity to mammalian cells makes
the herbicides from aryloxyphenoxypropionate group an
excellent starting point for developing new drugs.

The elucidation of FOP herbicides inhibitory mecha-
nism against apicoplexan protozoans unraveled their
being targeted against an enzyme of eukaryotic type and
could not serve as a starting point to develop bacterial
ACCase inhibitors. The other compounds pseudopeptide
pyrrolidine dione antibiotics such as moiramide B were
identified to interact and inhibit bacterial, multi-subunits
ACCase. The mutations within both carboxyl transferase
subunits lead to a resistance against pyrrolidine dione,
which reinforces the identification of the antibiotic tar-
get (Freiberg et al., 2004). The inhibitor was active
against E. coli enzyme at nanomolar concentrations and
revealed good activity against Bacillus subtilis, Staphylo-
coccus aureus and Streptococcus pneumoniae as well.
This broad spectrum of the anti-bacterial activity resulting
from conservancy of bacterial ACCases is one of the
advantages of the antibiotics from this group. Moreover,
the high selectivity of moiramide B for bacterial ACCases
is associated with weak inhibition of the rat enzyme.

Last years brought a number of discoveries of new
antibiotics targeted against bacterial ACCase. This pro-

gress was possible owing to the application of a high-
throughput method combined with computational mo-
deling. In one of these approaches, the whole bacterial
cell based screening of a large collection of pre-selected
compounds identified several inhibitors targeted against
biotin carboxylase (Miller et al., 2009). All these inhibi-
tors belong to pyridopyrimidines – a new class of anti-
biotic and are selective for bacterial biotin carboxylase.

The progress in new antibiotic discoveries is asso-
cited with the introduction of such techniques as frag-
ment-based drug discovery and virtual screening based
on 3D shape and electrostatic property similarity sear-
ching (Mochalkin et al., 2009; Waldrop, 2009). Whereas
virtual screening allows pre-selection of candidate mole-
cules based on computational modeling, the advantage
of fragment-based drug discovery depends on using, in
initial screens, collections of low molecular weight com-
pounds prepared to facilitate further chemical modifi-
cation with fragment growing, merging or morphing.

The other group of bacterial ACCase inhibitors was
isolated with screening mixture-based combinatorial li-
brary against bacterial biotin carboxylase with Automa-
ted Ligand Identification System (Cheng et al., 2009).
The selected compounds, namely bezimidazoles of af-
finity to biotin carboxylase, were confirmed as low micro-
molar enzyme inhibitors, and, subsequently, optimized
with computer-aided drug design combined with a syn-
thetic approach. The compounds obtained in result of
such multi-step selection/modification procedure are po-
tent and selective inhibitors of prokaryotic biotin car-
boxylase. The activity of all these inhibitors relies on
interference with ATP binding to the enzyme.

The studies on new antibiotics are a response to
the expansion of antibiotic-resistant pathogenic bacteria
which today seems to be a major health problem. Recent
progress in this field that can be seen in the discoveries
of bacterial BC inhibitors has been associated with
the drug rational design, for which high quality crystal
structure of bacterial BC is an essential prerequisite.
High-throughput methods are also important for these
discoveries, as well as the application of large and pre-
selected collections of compounds for initial screening.

Conclusions

Acetyl-coenzyme A carboxylase is being used in va-
rious biotechnological projects that include, inter alia,
isolation and design of new drugs, antibiotics and herbi-
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cides which address the main needs of the human popu-
lation, i.e. improvement of health care and increased
food production. Also projects that apply transgenic
ACCase to metabolic engineering are within the scope
of contemporary interest in sustainable technologies and
environment friendly production of energy.

Most of acetyl-coenzyme A carboxylase applications
depend on the structural data which enable rationale,
computer-aided modeling, prediction of interesting inter-
actions and designing compounds targeted against spe-
cific regions of the enzyme. Pre-selected libraries are
also used in projects based on high-throughput scre-
enings where such pre-selection is based on ACCase
structural data and functional characterization. Such stu-
dies on ACCases function and structure are still needed,
especially on the human enzymes. Also transcriptional
regulation of ACCase genes, their promoters and trans-
cription factors controlling their expression need better
characterization for their application in biotechnological
projects.
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