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Abstract
The emergence of resistance against most current drugs emphasizes the need to develop new
approaches to control bacterial pathogens, particularly Staphylococcus aureus. Bacterial fatty acid
synthesis is one such target that is being actively pursued by several research groups to develop
anti-Staphylococcal agents. Recently, the wisdom of this approach has been challenged based on
the ability of a Gram-positive bacterium to incorporate extracellular fatty acids and thus
circumvent the inhibition of de novo fatty acid synthesis. The generality of this conclusion has
been challenged, and there is enough diversity in the enzymes and regulation of fatty acid
synthesis in bacteria to conclude that there isn’t a single organism that can be considered typical
and representative of bacteria as a whole. We are left without a clear resolution to this ongoing
debate and await new basic research to define the pathways for fatty acid uptake and that
determine the biochemical and genetic mechanisms for the regulation of fatty acid synthesis in
Gram-positive bacteria. These crucial experiments will determine whether diversity in the control
of this important pathway accounts for the apparently different responses of Gram-positive
bacteria to the inhibition of de novo fatty acid synthesis in presence of extracellular fatty acid
supplements.

Introduction
Membrane biogenesis is a vital facet of bacterial physiology. Bacterial survival depends on
membrane lipid homeostasis and the ability to adjust their lipid composition to acclimatize
the cell to a variety of environments [1]. Bacterial membranes consist of proteins embedded
in a lipid matrix that closely approximates a phospholipid bilayer. Although there is
considerable diversity of phospholipid structures in the bacterial world, the majority of
membrane phospholipids are glycerolipids containing two fatty acid chains. These
phospholipid acyl chains determine the viscosity of the membrane, which in turn influence
many crucial membrane-associated functions, such as the passive permeability of
hydrophobic molecules, active solute transport and protein–protein interactions. The
essential role for fatty acids in membrane structure has focused attention on targeting this
pathway for the development of novel antibacterial therapeutics.
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Overview of bacterial fatty acid synthesis
Type II fatty acid synthesis (FASII) is the process used by bacteria to generate the fatty acid
components of phospholipids. Unlike the multifunctional mammalian type I fatty acid
synthase, each of the reactions is performed by a separate enzyme (Figure 1a). The first
commtted step reaction is performed by the acetyl-CoA carboxylase complex (ACC). The
resulting malonyl-CoA is used to prime the elongation module which extends the growing
fatty acid with consecutive reduction, dehydration, reduction and condensation reactions by
the Fatty acid biosynthesis (Fab) enzymes. Two FabI (enoyl-ACP reductase) inhibitors, the
anti-mycobacterial drug isoniazid and triclosan, were in wide use before their mechanism of
action was elucidated [2]. The clinical significance of these compounds has fueled the
development of some promising new FabI inhibitors through structure-based drug design
[3,4] that target drug-resistant S. aureus infections.

Natural Product Inhibitors of FASII
Natural product inhibitors that specifically target FASII have been identified from a diverse
collection of microorganisms (see Figure 1b for examples). These natural products
commonly target the key regulatory points in FASII, reflecting Nature’s own identification
of the most effective antimicrobial targets. The ACC and condensation reactions are key
regulatory steps in FASII and FabI catalyzes the rate-limiting step in the elongation cycle.
Natural products have been identified that target ACC [5], the condensing enzymes (FabF/
FabH) [6,7] or the enoyl-ACP reductase (FabI) [8–11]. Natural products have proven in vivo
efficacy in Gram-positive and Gram-negative murine infection models [5,12–14].

A promising natural product with regard to development of a clinically effective
antimicrobial agent is platensimycin (FabF inhibitor). This secondary metabolite isolated
from Streptomyces platensis shows in vivo efficacy in murine S. aureus infection models
with no reported toxicity [13]. The major drawback to most natural products, including
platensimycin, is inferior pharmacokinetic properties and poor oral bioavailability. Only the
continuous infusion of a high platensimycin dose proved effective in mice infected with S.
aureus [13]. The complex tetracyclic moiety of platensimycin has presented challenge to
medicinal chemists attempting total syntheses of the compound. Total synthesis has been
accomplished by numerous groups in as little as 10–20 linear steps, although with a poor
yield of just a few milligrams [15]. A handful of analogs housing either a modified aromatic
or tetracyclic domain have been produced. Not one of the compounds created has improved
activity or more desirable bioavailability, emphasizing the importance of each functional
group of platensimycin [15,16]. This roadblock is consistently encountered in attempts to
improve any of the reported FASII-targeted natural products (cerulenin, thiolactomycin, and
platensin) [15,17,18]. These disappointing results point to the need to identify new
chemically tractable scaffolds as starting points for the development of fatty acid synthesis
inhibitors.

The problem and promise of bacterial diversity
In the early days of bacteria metabolic research, the fatty acid biosynthetic pathways were
thought to be shared by all bacteria, and E. coli lipid metabolism became the paradigm.
However, the advent of whole genome sequencing coupled with discoveries in the
laboratory over the last 10 years has revealed significant diversity in the enzymology of lipid
metabolism. In FASII, the basic catalytic steps are conserved; however, there are distinctly
different protein isoforms that carry out the reactions. Bacillus subtilis contains the enoyl-
ACP reductase FabL in addition to a FabI, and Streptococcus pneumoniae uses the
flavoprotein FabK instead of a FabI [19,20]. Most Gram-positive bacteria also utilize
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alternative glycerol-PO4 acyltransferase machinery (PlsX/PlsY) to construct their
phospholipids, differing from the PlsB enzyme characterized in E. coli and eukaryotes [21].

This diversity suggests that developing FASII inhibitors that target a broad range of bacteria
is unlikely and that drug discovery efforts should focus on specific disease targets. To some,
this may make FASII a less desirable drug candidate. On the other hand, diversity opens the
door to designing highly effective, genus-specific inhibitors against major pathogens rather
than designing less potent molecules that affect a larger diversity of protein structures. The
fact that there are no FASII inhibitors currently deployed in the clinic suggests that targeting
FASII would be particularly useful in controlling drug-resistant strains by targeting a
completely different cellular process. In particular, targeting FASII shows promise in
counteracting the spread of multi-drug resistant S. aureus, an easily identifiable pathogen
that causes a significant mortality and morbidity in hospitals [22]. This realization has
focused recent efforts on optimizing natural products and synthetic compounds against the
FASII machinery of S. aureus, a bacterium that is acquiring resistance to the most
commonly used broad-spectrum antibiotics.

Gram-negative bacteria
The idea of targeting FASII evolved in E. coli where FASII is essential for cell growth even
though these organisms incorporate exogenous fatty acids into membrane phospholipids
[23]. In E. coli, extracellular fatty acids cross the outer membrane through the FadL porin
and translocate to the inner aspect of the inner membrane where they are activated by acyl-
CoA synthetase (FadD). Acyl-CoAs are used by the PlsB/PlsC acyltransferases to
completely support phospholipid synthesis. The essentiality of the FASII genes in Gram-
negative bacteria arises from the requirement for β-hydroxy-fatty acids to assemble the lipid
A core structure of outer membrane lipopolysaccharides. Fatty acid supplementation cannot
support lipid A synthesis because there is no mechanism to transfer acyl chains from CoA to
the acyl carrier protein (ACP) of FASII so that the hydroxyl group can be introduced. The
gene called acyl-ACP synthetase (aas) in E. coli actually encodes a lysophospholipid
acyltransferase with a bound ACP subunit, and the acyl-ACP intermediate does not
dissociate from the enzyme [24,25]. Supplementation with hydroxy-fatty acids is also
ineffective because the acyltransferases of lipid A biosynthesis only use ACP thioester
substrates [26]. Thus, there is little doubt that suitably designed FASII inhibitors would be
effective against Gram-negative bacteria.

Gram-positive bacteria
The E. coli model for bacterial lipid metabolism was used to establish FabI as the target for
triclosan [27,28]. The observation that triclosan has rather potent activity against virtually all
groups of bacteria suggested at the time that the E. coli model could be extended to all
bacteria and that FabI inhibitors would be universal antibacterials. However, the advent of
genome sequencing showed that the E. coli paradigm for FASII did not extend to many
Gram-positive bacteria. Members of the Lacetobacillales instead contain a flavoprotein
enoyl-ACP reductase that is resistant to triclosan inhibition [20] and has no structural
resemblance to FabI [29], Thus, unlike Gram-negative bacteria where FabI was the target,
the antibacterial effect of triclosan against Gram-positive bacteria is due a different, and still
unknown mechanism. This important fact is not widely appreciated, and triclosan is still
being used as an FASII-specific inhibitor in bacteria that lack FabI, although its inhibition of
fatty acid synthesis is not direct [30,31]. In contrast, other Gram-positive bacteria, including
the important pathogen S. aureus, do contain a FabI, and in light of the importance of this
pathogen the next generation FabI inhibitors were developed focused on optimizing their
potency against S. aureus FabI [2].
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Recently, the wisdom of targeting FASII in Gram-positive pathogens was questioned by
Brinster et al. [30] based on the finding that FASII is not essential in Streptococcus
agalactiae (Lacetobacillales) if the cultures are supplemented with fatty acids or human
serum. Whether the findings with S. agalactiae can be reasonably extended to all Gram-
positive bacteria has spurred a vigorous debate. Balemans et al. [31] were unable to show
fatty acids rescued S. aureus treated with a FabI inhibitor, whereas Brinster et al. [32] have
countered by showing that S. aureus can incorporate exogenous fatty acids and that they
have constructed a S. aureus fabI knockout that is a fatty acid auxotroph. Important
challenges to the position of Brinster et al. are the numerous reports of the efficacy of fatty
acid synthesis inhibitors against S. aureus in mouse models [5,12,13,31,33–35]. Brinster et
al. [30] suggest that these experiments may be flawed because the compounds were
administered to the animals before S. aureus became adapted to the presence of exogenous
fatty acids in the host. However, there is no definition of what this adaptation process may
entail, and without some experimental evidence for a specific genetic or biochemical
response in S. aureus that governs its utilization of extracellular fatty acids for phospholipid
synthesis, it is hard to argue against the consistent finding that FASII inhibitors are effective
in animals against this pathogen. Although the fallacy of using E. coli as a model for all
bacteria is apparent there has been little research on the pathway(s) for the uptake and
utilization of exogenous fatty acids by Gram-positive bacteria except in B. subtilis where
extracellular fatty acids are converted to acyl-CoAs and degraded by a β-oxidation system
[36]. It is clear that Gram-positive bacteria neither use the same acyltransferase enzyme nor
the same acyl donor to initiate phospholipid synthesis [21], therefore the pathway for the
uptake and incorporation of extracellular fatty acids into phospholipids in Gram-positive
bacteria must also be different. These bacteria must use a system that converts exogenous
fatty acids to either acyl-ACP or acyl-PO4 (not acyl-CoA), but experimental evidence to
substantiate these suppositions is lacking. It is also not clear whether the rate of exogenous
fatty acid uptake occurs at a rate that matches de novo biosynthesis and would support the
same growth rate as FASII.

Targeting Acetyl-CoA carboxylase (ACC)
Formation of malonyl-CoA is essential to support FASII, and in light of the discovery of
natural products that target acetyl-CoA carboxylase [37], researchers have made headway in
developing small molecules that inhibit this enzyme [5,38–40]. Perhaps one can make a
stronger argument that the ability of Gram-positive bacteria to incorporate exogenous fatty
acids into their phospholipids would make ACC an unattractive target, but there are
experiments with animal models showing that ACC inhibitors are effective against S. aureus
[5]. Here also there is a dearth of basic research on membrane lipid homeostasis in Gram-
positive bacteria that may explain this apparent paradox. For example, Lacetobacillales, like
S. pneumoniae, synthesize straight-chain saturated and monounsaturated fatty acids that are
almost identical to the major fatty acids in a mammalian host. Therefore, replacement of
endogenous fatty acids with host-derived fatty acids may be predicted to have little impact
on membrane biophysical properties. However, S. aureus and other Bacillales synthesize
branched-chain, saturated fatty acids that are not found in mammals. The importance of fatty
acid structure to membrane function is well established [1], and it is not known whether
bacteria like S. aureus can cope with its normal complement of fatty acids being replaced by
the structurally unrelated mammalian fatty acids.

Targeting the acyltransferase systems
Another attractive target for Gram-positive antibacterial drug discovery are the
acyltransferases required for the synthesis of membrane phospholipids. Most of these
bacteria rely on the PlsX/PlsY system to initiate phospholipid synthesis by converting acyl-

Parsons and Rock Page 4

Curr Opin Microbiol. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ACP to acyl-PO4 by PlsX followed by the transfer of the fatty acid to the 1-position of
glycerol-PO4 by the PlsY acyltransferase [21]. The unique acyl-PO4 intermediate is not
found in mammals making the Gram-positive acyltransferase system a desirable target. One
approach developed acyl-PO4 analogs as potentially dual function product inhibitors PlsX
and substrate inhibitors of PlsY [41], however, these hydrophobic molecules will need to be
significantly improved before useful compounds will emerge. One strength of targeting
these steps in lipid synthesis is that there are no mammalian PlsX/PlsY counterparts and
acyltransferase inhibitors cannot be circumvented by supplementation with extracellular
fatty acids.

Conclusions
There is no consensus about the wisdom of developing FASII inhibitors as antibacterial
drugs against Gram-positive pathogens. One view is that S. aureus cannot be effectively
treated with FASII inhibitors in the presence of exogenous fatty acids, while another
interpretation argues that FASII inhibitors can be effective clinical agents. The latter
position is supported by numerous animal models that show effective control of S. aureus
infections using a number of different FASII inhibitors. There are no examples of animal
infection models using FASII inhibitors against Lacetobacillales like S. pneumonia, so we
do not know if the in vitro experiments suggesting FASII inhibitors will not work against
these organisms in vivo is in fact the case. It seems that we are left with an embarrassing
lack of basic scientific understanding of the diversity in the regulation of lipid metabolism in
Gram-positive pathogens that would resolve these conflicting views with data. Basic
research in this area is sorely needed to define the pathway(s) for exogenous fatty acid
incorporation into membrane lipids in Gram-positive bacteria, and whether these pathways
differ between groups of Gram-positive bacteria. We do not know whether the distinct
differences in genetic regulation of FASII gene expression contribute to the response of
Gram-positive bacteria to extracellular fatty acids. The Bacillales (i.e. S. aureus) control
FASII gene expression via the FapR repressor that is released from DNA by the first
committed pathway intermediate, malonyl-CoA [42]. The Lacetobacillales (i.e. S.
pneumoniae) use FabT, a repressor that requires long-chain acyl-ACP end-products of
FASII to bind to DNA [43]. Almost nothing is known about the biochemical regulation of
FASII in Gram-positive bacteria and differences in this key feature may underlie the
differences in the response of organisms to extracellular fatty acids. The idea that Gram-
positive bacteria replace all their endogenous fatty acids with host-derived fatty acids during
infection has not been directly tested by determining the fatty acid composition of bacterial
phospholipids recovered from infected animals. So we are left with a confusing debate over
the utility of FASII inhibitors in S. aureus that will only be solved by a deeper molecular
understanding of the diversity of FASII biochemistry and regulation among Gram-positive
bacteria. In the meantime, the effectiveness of fatty acid synthesis inhibitors in S. aureus
infection models cannot be ignored and highlights the importance of obtaining a basic
understanding the regulation of lipid metabolism in clinically important pathogens.

Highlights

• Bacterial lipid synthesis is a desirable focus for drug discovery because this
pathway is not targeted by existing drugs, and is therefore likely to produce
compounds that attack bacteria resistant to known antibiotics.

• Although fatty acid synthesis inhibitors may not be effective against some
Gram-positive bacteria that are supplemented with extracellular fatty acids;
there is compelling evidence that such inhibitors may be useful against many
Gram-positive and all Gram-negative organisms even in the presence of
extracellular fatty acids.
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• The diversity in bacterial lipid metabolism indicates that it will be difficult to
design inhibitors that block the growth of all bacteria under all environmental
conditions.

• Targeting the unique acyltransferases of Gram-positive bacteria is an unexplored
area that holds promise to find effective inhibitors that cannot be overcome by
fatty acid supplements.
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Figure 1.
(a) Bacterial FASII cycle: Green indicates initiation module and blue elongation module.
Growth of a new acyl chain is initiated by the ACC complex. Malonyl-CoA produced is
converted to malonyl-ACP (acyl-carrier protein) where it is condensed with acyl-CoA by
FabH. The subsequent acetoacyl-ACP feeds into the elongation module where it is extended
by 2 carbons with each round of the cycle by a condensation reaction with malonyl-ACP via
FabF. The resulting acyl-ACP can be used by glycerol-3-phosphate acyltransferases to
synthesize phospholipids. Key regulatory reactions are indicated in red. (b) Examples of
natural products proven to specifically target FASII.
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