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Cerulenin

Cerulenin, (2R)(3S)-2,3-epoxy-4-oxo-7,10-dodecadienoly-
amide, is a fungal product that is an irreversible inhibitor of
3-ketoacyl-ACP synthase I and II activities (33, 163) and is

extremely effective in blocking the growth of a broad spec-
trum of bacteria (117, 163). Cerulenin blocks 3-ketoacyl-
ACP synthase activity by covalent modification of the syn-
thase active site (33), and inhibition correlates with the
binding of 1 mol of cerulenin per mol of enzyme (33).
,B-Ketoacyl-ACP synthases I and II contain a fatty acyl-
binding site and a malonyl-ACP-binding site (34). Incubation
of ,B-ketoacyl-ACP synthases with acyl-ACP protects the
enzymes from cerulenin inhibition. These data strongly
support the concept that cerulenin binds to the fatty acyl-
binding site of the condensing enzyme. Although cerulenin
has proven to be a versatile biochemical tool (117, 163), it is
not a suitable antibiotic, because it is also a potent inhibitor
of the condensing enzyme reaction catalyzed by the multi-
functional mammalian (type I) fatty acid synthase (163). This
observation is not surprising since the type I multifunctional
synthases have a fatty acyl-binding site analogous to the site
on prokaryotic 0-ketoacyl-ACP synthases I and II (Fig. 6).

,B-Ketoacyl-ACP synthase III (acetoacetyl-ACP synthase)
is not inhibited by cerulenin (67), indicating that this con-
densing enzyme lacks the fatty acyl-binding site. Treatment
of E. coli with cerulenin leads to the accumulation of
octanoyl-ACP in vivo (74). However, butyryl-ACP is the
only product that accumulates in cerulenin-treated extracts
in vitro (74). This indicates that the latter condensation steps
in the pathway are effectively blocked but that the initial
condensation reactions are able to proceed in the presence of
the antibiotic. Consistent with these observations, ,B-ke-
toacyl-ACP synthase III does not catalyze the condensation
of long-chain acyl moieties with malonyl-ACP in vitro (74).
Thus, 1-ketoacyl-ACP synthase III retains the malonyl-ACP
site present in synthases I and II but does not possess the
fatty acyl-binding site characteristic of the ,-ketoacyl-ACP
synthases in both the type I and II fatty acid synthases.

Thiolactomycin

Thiolactomycin, (4S)(2E,5E)-2,4,6-trimethyl-3-hydroxy-
2,5,7-octatriene-4-thiolide, is a unique antibiotic structure
that inhibits type II but not type I fatty acid synthases (56,
99, 110, 111, 115, 132). The antibiotic is not toxic to mice and
affords significant protection against urinary tract and intra-
peritoneal bacterial infections (99). An analysis of the indi-
vidual enzymes of the type II fatty acid synthase shows that
the P-ketoacyl-ACP synthase activity and acetyl-CoA:ACP
transacylase activity are the only activities inhibited by
thiolactomycin (110). The observations that malonyl-ACP
protects the synthases from thiolactomycin inhibition and
that they are competitively inhibited with respect to malo-
nyl-ACP are consistent with the conclusion that thiolacto-
mycin interacts with the malonyl-ACP site rather than the
acyl-ACP site on the condensing enzymes. All three con-
densing enzymes are inhibited by thiolactomycin both in
vivo and in vitro (67). There is one report that thiolactomy-
cin does not inhibit acetyl transacylase (94). These data
indicate that the enzyme purified by these workers is not
synthase III.
To investigate the mechanism of thiolactomycin action in

more detail, a thiolactomycin-resistant mutant of E. coli
(strain CDM5) was isolated and characterized (67). The
3-ketoacyl-ACP synthase III activity in extracts from strain

CDM5 was refractory to thiolactomycin inhibition. How-
ever, it is not clear whether mutation of synthase III is
capable of imparting high-level thiolactomycin resistance
(67, 153). It is possible that this is a thiolactomycin uptake
defect, since the fatty acid synthase extracted from strain
CDM5 is sensitive to thiolactomycin inhibition but fatty acid
synthesis in the intact organism is highly resistant (154).
Recently, the thiolactomycin resistance phenotype was
mapped to min 57.5 of the chromosome (75). This is the same
location as the nalB gene (55), and nalB mutants are also
resistant to thiolactomycin. In the same region there is a
multidrug resistance operon (the emr operon), which has
been cloned and sequenced (93). The likely possibility that
thiolactomycin resistance, NalB, and Emr phenotypes are
due to mutations in the same operon is currently being
tested.

Overproduction of synthase I is also a mechanism for
thiolactomycin resistance. Plasmids containing the fabB
gene impart thiolactomycin resistance, whereas the overpro-
duction of synthase III does not (153). Clones that overex-
press synthase II are not available, but since synthase II is
not an essential condensing enzyme (50), it is unlikely that
overexpression of synthase II will lead to thiolactomycin
resistance. These data suggest that synthase I is the only
essential condensing enzyme in E. coli.

PERSPECTIVES

Although we understand in some detail the pathway of
fatty acid synthesis and the mechanisms regulating the
mixture of fatty acids produced, information on other regu-
latory facets of fatty acid synthesis remains rather scant. For
example, the mechanisms regulating the rate of fatty acid
synthesis are not yet known. Another mystery is how the
rate of fatty acid synthesis is integrated with the cellular
growth rate such that the ratio of fatty acid content to cell
mass remains constant at differing growth rates (growth rate
control). Growth rate control of a variety of different cellular
processes (e.g., DNA replication and transcription and
translation of a large number of genes) has been intensively
studied, but no general mechanism has yet emerged. It
seems probable that we know so little of the genes involved
in global growth rate regulation because strains with muta-
tions in these genes are very likely to be pleiotropic and
hence difficult to study. However, given the present state of
knowledge of lipid synthesis and the experimental tools now
available, detailed studies of mutants that affect fatty acid
synthesis together with other cellular processes should
prove fruitful in unraveling such global control mechanisms.
A clear example of the virtues of studying pleiotropic
mutants is the FadR regulatory system discovered through
study of an unexpected pleiotropism. We still have much to
learn from E. coli, and fatty acid synthesis is almost certainly
not an exception. An object lesson is the recent detailed
study of the DNA sequence of a segment of the E. coli
genome in which the functions of only half of the putative
genes either are known or can be deduced (37, 171).
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