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Cerulenin is a fungal mycotoxin that potently inhibits fatty acid synthesis by covalent modification of the
active site thiol of the chain-elongation subtypes of b-ketoacyl-acyl carrier protein (ACP) synthases. The
Bacillus subtilis fabF (yjaY) gene (fabFb) encodes an enzyme that catalyzes the condensation of malonyl-ACP
with acyl-ACP to extend the growing acyl chain by two carbons. There were two mechanisms by which B. subtilis
adapted to exposure to this antibiotic. First, reporter gene analysis demonstrated that transcription of the
operon containing the fabF gene increased eightfold in response to a cerulenin challenge. This response was
selective for the inhibition of fatty acid synthesis, since triclosan, an inhibitor of enoyl-ACP reductase, triggered
an increase in fabF reporter gene expression while nalidixic acid did not. Second, spontaneous mutants arose
that exhibited a 10-fold increase in the MIC of cerulenin. The mutation mapped at the B. subtilis fabF locus,
and sequence analysis of the mutant fabF allele showed that a single base change resulted in the synthesis of
FabFb[I108F]. The purified FabFb and FabFb[I108F] proteins had similar specific activities with myristoyl-
ACP as the substrate. FabFb exhibited a 50% inhibitory concentration (IC50) of cerulenin of 0.1 mM, whereas
the IC50 for FabFb[I108] was 50-fold higher (5 mM). These biochemical data explain the absence of an overt
growth defect coupled with the cerulenin resistance phenotype of the mutant strain.

A universal set of genes encodes the components of the type
II, or dissociated, fatty acid synthase system that is responsible
for producing the multitude of fatty acid structures found in
bacterial membranes (5, 36). The individual chemical transfor-
mations are carried out by separate proteins that can be puri-
fied independently from other pathway enzymes. The chain
elongation steps in fatty acid biosynthesis consist of the con-
densation of acyl groups, which are derived from acyl-acyl
carrier protein (acyl-ACP) or acyl coenzyme A (acyl-CoA),
with malonyl-ACP by the b-ketoacyl-ACP synthases. These
condensing enzymes are divided into two groups. The FabH
class of condensing enzymes is responsible for the initiation of
fatty acid elongation and utilizes acyl-CoA primers. The FabH
of Escherichia coli has been extensively studied, and it selec-
tively uses acetyl-CoA to initiate the pathway (16, 24). In con-
trast, Bacillus subtilis contains two FabH isozymes that differ
from the E. coli enzyme in that they are selective for branched-
chain acyl-CoAs (4). The FabB-FabF class of condensing en-
zymes together catalyze the remaining elongation steps in the
pathway (5, 36). These enzymes condense malonyl-ACP with
acyl-ACP to extend the acyl chain by two carbons. E. coli
expresses both types of condensing enzymes and, although they
have overlapping substrate specificity, FabB is responsible for
a condensation reaction in unsaturated fatty acid synthesis that
cannot be performed by FabF (12, 38) and FabF plays a role in

the thermal regulation of fatty acid composition (9, 13). Al-
though FabB (32), FabF (21), and FabH (7, 35) all share the
same overall structure, the FabB-FabF class of enzymes pos-
sesses a Cys-His-His catalytic triad at the active site, whereas
the FabH enzymes have a Cys-His-Asn configuration.

The two classes of condensing enzymes are also distin-
guished by their sensitivity to antibiotics. Cerulenin is a fungal
epoxide that irreversibly inhibits the FabB-FabF class of elon-
gation enzymes by covalent modification of their active-site
cysteine (26, 30). Accordingly, resistance to cerulenin in E. coli
is increased by the overexpression of FabB (10). Thiolactomy-
cin is a second natural product that is known to inhibit all three
condensing enzymes (23, 31, 41). The FabB-FabF class of en-
zymes is more sensitive to thiolactomycin than the FabH class
is, and cellular resistance to thiolactomycin in E. coli is con-
ferred by the overexpression of FabB but not FabH (44). The
FabF type of condensing enzyme is more widespread in gram-
positive bacteria that synthesize branched-chain saturated fatty
acids. There is only a single elongation-type condensing en-
zyme in B. subtilis (a FabF homolog), and the inhibition of this
enzyme by cerulenin would account for the sensitivity of this
organism to the antibiotic. This study characterizes a sponta-
neous cerulenin-resistant mutant of B. subtilis and describes
the transcriptional response of the fabH1-fabF operon to ceru-
lenin.

MATERIALS AND METHODS

Materials and strains. Sources of supplies were as follows: Amersham-Phar-
macia Biotech supplied [2-14C]malonyl-CoA (specific activity, 55 Ci/mol); Sigma
Chemical Co. supplied ACP, antibiotics, and microbiological media; Promega
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supplied molecular biology reagents; Qiagen supplied pQE32 vector, expression
strains, and Ni21-agarose resin; and Novagen supplied pET vectors and expres-
sion strains. Proteins were quantitated by the Bradford method (3). The anti-
bodies against FabFb were raised in rabbits injected with purified FabFb. Acyl-
ACP was prepared using the acyl-ACP synthetase method (16, 37). All other
chemicals were reagent grade or better.

All bacterial strains and plasmids used are listed in Table 1. The B. subtilis
strains were grown in either LB or Difco sporulation media (SM). E. coli strains
were propagated in LB broth. b-Galactosidase assays were performed as previ-
ously described, and specific activity was expressed in Miller units (39).

Plasmid constructions. Plasmids pGES1 and pGES2 were constructed as
follows. The oligomers 59-TAAGGGGATCCGGTTTGGCTTGATTATG-39
and 59-AAATGGGAGAATTCTGCGTAAATGTCATTG-39 (restriction sites
underlined) were synthesized to amplify a chromosomal DNA fragment by PCR
containing the last 290 bases of fabH1 and the complete fabFb gene from strain
GS77 or JH642, respectively. The PCR products were digested with EcoRI and
BamHI and cloned into pJM103, giving rise to plasmids pGES1 (containing
DNA from GS77) and pGES2 (containing DNA from JH642). To obtain plas-
mids pGES4 and pGES5, pGES1 was digested with EcoRI and BamHI, giving a
1,577-bp fragment which was purified and further digested with HincII . The two
resultant DNA fragments of 391 and 1,136 bp were purified and cloned into
pJM103 to give plasmids pGES4 and pGES5, respectively. To obtain plasmid
pGES6, pGES5 was digested with Sphl, and the larger DNA fragment of 4,326 bp
was purified and recircularized by ligation.

Plasmid pGES20 was constructed using a DNA fragment containing the fabFb

open reading frame generated by PCR using primers 59-GTGAGGTGCACAC
ACCATGGCTAAAAAAAG-39 and 59-AAATGGGAGAATTCTGCGTAAAT
GTCATTG-39. The resulting fragment was digested with NcoI and BamHI and
cloned into pAG58. To obtain a His-tag–FabF[I108F] fusion expression con-
struct, the fabF1b gene was cloned into the expression vector pQE32. PCR

amplification was performed using chromosomal DNA from GS77 as template
and primers 59-GTGAGGGGGATCCAGATGACTAAAAAAAG-39 and 59-C
TACCCTTTAACTGCAGCCGGTTTGG-39. The 1,287-bp PCR product was
then digested with BamHI and EcoRI and cloned into pQE32, giving rise to
pGES30. This plasmid was used to transform strain M15(pREP4). A similar
strategy was used to obtain the wild-type FabF protein fusion. To this end, PCR
amplification was performed using genomic DNA from the wild-type B. subtilis
strain JH642 and primers 59-GTGAGGTGCACACCATATGACTAAA-39 and
59-GGATCCTTGGCTTGATTATGATTGA-39. The PCR product was first li-
gated into plasmid pCR2.1, and the cloned DNA was excised with NdeI and
BamHI and ligated into pET15b (Novagen). This ligation mixture was used to
transform E. coli strain BL21 (lDE3).

The fabH1F-lacZ transcriptional fusion was constructed by PCR amplification
of chromosomal DNA using primers 59-ATTGAACCGATTTGGTACCTAA
TATGCATG-39 and 59-AACACCAAGTATTCCAGGATCCATTAGGG-39.
The resultant DNA fragment containing the 300-bp region upstream of the
putative translation start of fabH1F was digested with KpnI and BamHI and
cloned into the integrational vector pJM116, generating plasmid pGES35. The
plasmid was introduced by a double crossover event at the amyE locus of strains
JH642, BS3, and GS77, giving rise to strains GS37, GS39, and GS41, respectively.
Plasmid pGES49, containing the Pxyl promoter and the xylR repressor, was
constructed as follows. Plasmid pRDC9 was digested with EcoRI and BamHI,
and the fragment containing Pxyl and xylR was purified and cloned into EcoRI-
BamHI-digested pAG58. To construct plasmid pGES79, PCR amplification was
performed using chromosomal DNA from strain JH642 as template and primers
59-CATTGGCATGCAAAACGGGCTTACC-39 and 59-GCGCCATTGCAGT
CGACTGGGGCCG-39. The 462-bp PCR product was digested with SalI and
SphI and cloned into plasmid pGES49. The wild-type strain JH642 was trans-
formed with pGES79, and colonies in which a Campbell-type recombination

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristicsa Source or
reference

E. coli strains
DH5a supE44 thi-1 DlacU169 f80lacZDM15 endA1 recA1 hsdR17 gyrA96 relA1 Laboratory stock
DM86 fabB(Ts) recA 10
CY288 fabF fabB(Ts) 10
M15(pREP4) lac ara gal mtl recA1 uvr1 F2 laclq Laboratory stock
BL21 (lDE3) F2 ampT hsdSB(rB mB) gal dcm Laboratory stock

B. subtilis strains Laboratory stock
JH642 trpC2 pheA1 Laboratory stock
GS77 JH642 fabF1b (cer20), cerulenin resistant 39
BS3 trpC2 spoOA::Em Laboratory stock
GS37 JH642 amyE::pGES35 This study
GS39 BS3 amyE::pGES35 This study
GS41 GS77 amyE::pGES35 This study
GS85 JH642 Pxyl-fabFb::fabFb This study

Plasmids
pJM103 Integrational vector 34
pGES1 pJM103 containing a DNA fragment from 2341 to 11256 of fabF1b This study
pGES2 pJM103 containing a DNA fragment from 2341 to 11256 of fabFb This study
pGES4 pJM103 containing a DNA fragment from 2271 to 1120 of fabF1b This study
pGES5 pJM103 containing a DNA fragment from 1120 to 11256 of fabF1b This study
pGES6 pJM103 containing a DNA fragment from 1120 to 1733 of fabF1b This study
pAG58 Integrative plasmid, contains Pspac and lacI 34
pGES20 fabFb cloned into pAG58 This study
pQE32 Expression vector Quiagen
pET15b Expression vector Novagen
pGES32 fabF1b cloned into pQE30 This study
pJM116 Integrational vector containing a promoterless lacZ gene 6
pGES35 Putative promoter region of fabH1Fb cloned into pJM116 This study
pRDC9 Plasmid containing Pxyl and xylR 40
pGES49 Integrational vector containing Pxyl and xylR This study
pGES79 Promoterless 59 region of fabFb cloned under Pxyl in pGES49 This study

a Em denotes a gene cassette conferring resistance to erythromycin. Pspac denotes an isopropyl-b-D-thiogalactopyranoside-inducible hybrid promoter containing the
RNA polymerase recognition sequence from the B. subtilis phage SPO1 and the E. coli lac operator (34).
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event at fabFb took place were screened for a xylose growth-dependent pheno-
type. The resultant strain was named GS85.

Enzyme purification and assay. The proteins were expressed and purified as
described previously (16). Purified His-tagged FabFb and FabF[I108F]b were
dialyzed against 20 mM Tris-HCl (pH 7.6), 1 mM b-mercaptoethanol, and 1 mM
dithiothreitol, concentrated with an Amicon stirred cell, and stored in 50%
glycerol at 220°C.

The enzyme assay used gel electrophoresis to separate and quantify the prod-
ucts (17). This assay contained 50 mM ACP, 1 mM b-mercaptoethanol, 0.1 M
sodium phosphate buffer (pH 7.0), 50 mM [2-14C]malonyl-CoA (specific activity,
55 Ci/mol), 12.5 mM myristoyl-ACP, FabD (0.3 mg of protein), 100 mM NADPH,
and FabG (0.3 mg of protein) in a final volume of 50 ml. A mixture of ACP, 1 mM
b-mercaptoethanol, and the buffer was incubated at 37°C for 30 min to ensure
complete reduction of ACP, and then the remaining components (except FabFb)
were added. The mixture was then aliquoted into the assay tubes and the reaction
was initiated by the addition of FabFbs. The reaction mixture was incubated at
37°C for 30 min, placed in an ice slurry, gel loading buffer was added, and the
entire sample was loaded onto a conformationally sensitive 15% polyacrylamide
gel containing 3.5 M urea (4, 17). Electrophoresis was performed at 25°C and 32
mA/gel. The gels were dried, and product formation was quantitated by exposure
in a PhosphorImager (4).

Immunoblot analysis. Strain GS37 was grown in LB medium at 37°C. At an
optical density at 525 nm (OD525) of 0.28, the culture was split and cerulenin was
added at a concentration of 3.25 mg/ml to one-half of the culture. The same
volume of ethanol was added to the other half of the culture. A 1-ml aliquot of
each culture was harvested, centrifuged, and frozen 7 and 250 min after addition
of cerulenin. The pellets were resuspended in lysis buffer (50 mM Tris-HCl [pH
8.0], 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 0.1 mM dithiothre-
itol), adding 180 ml of buffer per OD525 unit. A 20-ml volume of the cell resus-
pension was disrupted by incubating with lysozyme (500 mg/ml) for 15 min at
37°C followed by 5 min of boiling in the presence of loading buffer. Each sample
was fractionated by sodium dodecyl sulfate-gel electrophoresis in a 12% acryl-
amide gel. Proteins were electroeluted to a nitrocellulose membrane and de-
tected using anti-FabFb rabbit antibody and a secondary anti-rabbit immuno-
globulin G conjugated to alkaline phosphatase. The blots were exposed to film,
the intensity of the bands was quantified by densitometry, and the figure was
generated using Adobe Photoshop.

FabFb was detected in cultures of strain GS85 grown in LB medium at 37°C to
an OD525 of 0.12. The culture was split into equal parts and xylose was added to
a final concentration of 0.25% (wt/vol) to one-half of the culture. The cultures
were grown for 4 h, and then a 1-ml aliquot of each culture was frozen and
treated as described above for strain GS37.

RESULTS

B. subtiliis yjaY gene encodes a functional FabF condensing
enzyme. B. subtilis contains three open reading frames that
have homology with b-ketoacyl-ACP synthases of type II fatty
acid synthesis. Two of these genes, yjaX (fabH1) and yhfB
(fabH2), are related to the FabH initiating-condensing enzyme
of E. coli and catalyze the initial condensation reaction in
branched-chain fatty acid synthesis (4). The third gene, yjaY,
had a 1,240-bp open reading frame and was predicted to en-
code a protein that was 54% identical and 64% similar to E.
coli FabF and 43% identical and 50% similar to E. coli FabB.
The genomic analysis indicated that there was only a single

example of the elongation class of condensing enzymes in B.
subtilis.

Complementation experiments were used to confirm the
prediction that yjaY encodes a functional FabF-like condensing
enzyme. E. coli fabB strains require unsaturated fatty acids for
growth but synthesize saturated fatty acids normally. Strains
harboring both a temperature-sensitive fabB mutation and a
mutation that inactivates fabF fail to synthesize any fatty acids
at the nonpermissive temperature and cannot grow even in the
presence of exogenous fatty acids. Transformation of strains
DM86 [fabB(Ts)] or CY288 [fabB(Ts) fabF] with plasmid
pGES20, expressing the yjaY gene controlled by the Pspac
promoter, showed that the E. coli fabF mutant was comple-
mented by yjaY expression, whereas the fabB mutant was not
(Table 2). Thus, based on the molecular characteristics of the
yjaY gene and the ability of the yjaY to complement the fabF
defect but not the fabB defect, we have designated this gene
fabFb in concordance with E. coli nomenclature.

fabFb (yjaY) is an essential gene in B. subtilis. In E. coli, fabB
is essential, whereas fabF is not (5). However, in B. subtilis,
fabFb was the only elongation condensing enzyme detected in
the genome, suggesting that this gene was essential. Several
attempts to disrupt the fabFb gene by a single crossover re-
combination event using integrative plasmids containing inter-
nal fragments of the gene were unsuccessful. The essential
nature of fabFb was verified by placing the single chromosomal
copy of fabFb under control of the xyl promoter as described in
Materials and Methods. The resultant strain, GS85, exhibited
normal growth in the presence of xylose (Fig. 1A). The removal
of xylose significantly attenuated cell growth, and growth re-
turned to normal upon the addition of 0.25% xylose, which
derepressed the expression of fabFb. The effect of xylose on the
cellular FabFb content was confirmed by separation of cell
extracts by gel electrophoresis followed by immunodetection
(Fig. 1B). In the absence of the inducer, the FabFb content of
strain GS85 was significantly lower than the levels observed in
xylose-supplemented cells. These experiments demonstrated
an essential role for the fabFb gene product in B. subtilis.

Transcriptional regulation of the B. subtilis fabH1-fabF
operon. The fabFb gene is predicted to be the second gene in
an operon that also contains the fabH1 gene. To study expres-
sion from the fabH1F promoter, the 300 nucleotides preceding
the start codon of fabH1F were cloned in front of the promot-
erless lacZ gene in pJM116. The resulting plasmid (pGES35)
was linearized and integrated at the nonessential amyE locus of
B. subtilis, yielding strain GS37 (Table 1). The strain was grown
in either SM or LB broth and assayed for b-galactosidase
activity. The results indicated that the region upstream of the

TABLE 2. Growth of plasmid-carrying strains

Strain Plasmid carried Genotype
Growth ata:

30°C 42°C 42°C plus oleate

DM86 pAG58 (control) fabB(Ts) 1 2 1
DM86 pGES20 (fabFb) fabB(Ts) 1 2 1
CY288 pAG58 (control) fabB(Ts) fabF 1 2 2
CY288 pGES20 (fabFb) fabB(Ts) fabF 1 2 1

a Growth was scored by the appearance of single colonies on solid LB medium. Oleate (18:1) when added was present as the potassium salt at a concentration of
100 mg/ml. 2, no growth; 1, growth.
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putative fabH1-fabF operon contained a promoter that func-
tions primarily during vegetative growth (Fig. 2A). The pro-
moter was active during exponential growth in SM, reaching a
peak of 75 Miller units 2 h before the onset of sporulation (Fig.
2A). At this point, promoter activity decreased toward zero as
the cells entered into stationary phase. b-Galactosidase pro-
duction in cells grown in LB (where the cultures sporulate
poorly) was similar to cells grown in SM (data not shown).
These results were consistent with expression from the pro-
moter upstream of the fabH1-fabF operon being turned off by
a regulatory protein related to the cessation of growth and/or
the onset of sporulation.

SpoOA is the major transcription factor required for sporu-
lation and is one candidate for a repressor of fabH1-fabF
expression during the differentiation process. We tested this
idea by introducing the transcription fusion into the spoOA
strain B53 to yield strain GS39. The b-galactosidase activity,
assayed in extracts from cells grown in SM, was similar to the
pattern observed in the wild-type strain (data not shown).
Therefore, SpoOA did not appear to play a role in the regu-
lation of fabH1-fabF expression.

Regulation of fabH1-fabF expression in response to cerule-
nin. Cerulenin is a potent inhibitor of FabF activity, and we
used the transcriptional fusion strains to investigate whether
the inhibition of lipid synthesis affected transcription of the
fabH1-fabF operon. b-Galactosidase activity was assayed in
strain GS37 treated with cerulenin during early exponential
growth. The activity of b-galactosidase expressed from the
fusion was significantly higher following the addition of ceru-
lenin (Fig. 2B), reaching levels 8- to 10-fold higher than those
observed in untreated cells. At the end of the exponential
phase, b-galactosidase levels in cerulenin-treated cells began
to decrease, although the activity was still significantly higher

than in cells entering stationary phase without cerulenin (Fig.
2B). The transcriptional activation of the fabH1Fb promoter is
not due to a side effect of cerulenin, because no effect of the
antibiotic was observed on transcription of the fabH1Fb-lacZ
fusion introduced into strain GS77 to obtain strain GS41 (data
not shown), a cerulenin-resistant isolate described below. The
levels of FabFb in cells treated or untreated with cerulenin
were determined by immunodetection and quantification (Fig.
2C). Consistent with the operon fusion analysis, these experi-
ments demonstrated that the addition of cerulenin to GS77
cultures resulted in an approximately fivefold increase of
FabFb protein. We also observed an increase in PfabH1F-lacZ
transcription when the levels of FabFb were decreased. These
experiments were performed using a strain carrying both an
isotopic pXyl-fabF fusion and an ectopic PfabH1F-lacZ fusion.
In this strain, b-galactosidase activity was increased fivefold
when xylose was removed from the medium. These data dem-
onstrated that inhibition of fatty acid synthesis resulted in
transcriptional induction of the genes coding for the FabH1b

and FabFb condensing enzymes.
We next determined if the fabH1-fabF transcriptional re-

sponse was linked to the inhibition of fatty acid synthesis or the
inhibition of growth (Fig. 3). In these experiments, we used
nalidixic acid, which inhibits DNA gyrase, as another inhibitor
of cell growth and triclosan as a fatty acid synthesis inhibitor.
Triclosan blocks the enoyl-ACP reductase (FabI) step in the
fatty acid elongation cycle (18, 20, 29), although fatty acid
synthesis is not the only target in gram-positive bacteria (14,
19). B. subtilis has a FabI that is potently inhibited by triclosan,
but it also has another relatively triclosan-resistant enoyl-ACP
reductase, FabL (19). However, the lower specific activity of
FabL toward acyl-ACP substrates suggested that FabI was the
principle isoform responsible for fatty acid synthesis. The ad-

FIG. 1. Effect of xylose on growth and content of FabFb of strain GS85 bearing a Pxyl-fabFb fusion. (A) Cultures of strain GS85
(Pxyl:fabFb::fabFb) were grown in nonsupplemented medium (F) or medium supplemented with 0.25% xylose (E). (B) Strain GS85 was grown
either in the presence or in the absence of xylose. Cells were harvested after 4 h at 37°C (A), and the levels of FabFb were determined by
immunoblotting as described in Materials and Methods.
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dition of nalidixic acid (25 or 75 mg/ml) to cultures of the
reporter strain GS37 (trpC2 pheA1 amyE::pGES35) did not
trigger an increase in fabH1-fabF expression, and in fact a
slight decrease in b-galactosidase activity was observed at all
nalidixic acid concentrations tested. On the other hand, tri-
closan, either at 0.4 or 2 mg/ml, enhanced b-galactosidase tran-
scription by approximately fivefold. These data show that the
up-regulation of fabH1-fabF expression correlated with the
specific inhibition of fatty acid biosynthesis and suggest that
the response would be observed when any step in the pathway
was blocked.

Cerulenin resistance is linked to the yjaY gene. The ability of
cerulenin to inhibit the growth of strains JH642 and GS77, the
latter of which was selected as a spontaneous cerulenin-resis-
tant strain (39), was compared by a conventional dilution
method. The MICs were 50 mg/ml for GS77 and 5 mg/ml for
JH642 after overnight cultivation. Elongation condensing en-
zymes in fatty acid and polyketide synthesis are uniformly
inactivated by this antibiotic, with the exception of the type I
synthase from Cephalosporium caerulens (42, 43). However,

Saccharomyces cerevisiae acquires cerulenin resistance by a
point mutation in the condensing enzyme module of the poly-
functional enzyme (22). Therefore, we reasoned that cerulenin
resistance in strain GS77 was likely due to a mutation in a gene
coding for a condensing enzyme involved in long-chain fatty
acid synthesis. To test if a mutation in the yjaY gene was
responsible for the resistance to cerulenin, we cloned a region
of the chromosome containing this open reading frame from
strain GS77 and from the isogenic strain JH642 into the inte-
grative plasmid pJM103 to yield plasmids pGES1 and pGES2,
respectively (Table 1 and Fig. 4). Strain JH642 was trans-
formed with both linearized plasmids, and transformants were
selected on plates containing 10 mg of cerulenin/ml. Cerulenin-
resistant colonies appeared only when strain JH642 was trans-
formed with pGES1 (Fig. 4), indicating that the mutation was
linked to yjaY. Different portions of the yjaY gene from strain
GS77 were subcloned into plasmid pJM103 (Fig. 4), and the
resultant plasmids were transformed into strain JH642. The
results of this experiment indicated that the 59 half of the yjaY
coding sequence from the resistant strain confers resistance to

FIG. 2. Expression of fabH1-fabF promoter. (A) Growth (dashed lines) and b-galactosidase specific activity (solid lines) of strains GS37 (trpC2
pheA1 amyE::pGES35) (F) and GS39 (trpC2 spoOA::Em amyE::pGES35) (�). (B) Effect of cerulenin on growth (dashed lines) and b-galactosidase
specific activity (solid lines) of strain GS37. E, cerulenin-treated cells; F, control cells. Note the different b-galactosidase specific activity scales
between panels A and B. (C) Effect of cerulenin on FabFb content of strain GS37. Cultures were grown until early exponential phase and then
treated with cerulenin as described in Materials and Methods. Cells were harvested 7 min (lane 2) or 2.5 h (lane 4) after the addition of the
antibiotic. Lanes 1 and 3 contain protein extracts of untreated cultures harvested at 7 min and 2.5 h, respectively. The levels of FabFb were detected
by immunoblotting and quantitated by densitometry as described in Materials and Methods to denote the onset of stationary phase.
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cerulenin when it is integrated by a double crossover event into
the chromosome of the cerulenin-sensitive strain JH642.

The DNA fragments contained in plasmids pGES1 and
pGES2 were sequenced. Only one difference was found: a
transversion in the 240th base of the yjaY open reading frame
(324 A 3 T) (Fig. 4). In the deduced protein sequence, this
mutation is reflected by a change from Ile-108 in the wild-type
protein to Phe-108 in the mutant allele (Fig. 4).

Biochemical characteristics of FabFb. The two open reading
frames coding for both the predicted FabFb and the mutant
protein FabFb[I108F] were amplified by PCR and cloned into
expression vectors, and the His-tagged version of the proteins

was expressed and purified (Fig. 5A). The purified recombi-
nant proteins exhibited a molecular size of 48.3 kDa, which
agreed with the DNA sequence plus the His tag (Fig. 5A). The
catalytic properties of FabFb and FabFb[I108F] were com-
pared using an assay based on the incorporation of [2-14C]ma-
lonyl-CoA into myristoyl-ACP. The reaction products were
separated by conformationally sensitive gel electrophoresis
and quantified using PhosphorImager analysis as described in
Materials and Methods. FabFb[I108F] exhibited a slightly
higher specific activity (353.5 6 16.9 pmol/min/mg) than FabFb

(220.2 6 6 pmol/min/mg) (Fig. 5B). We also examined the
activity of a prototypical condensing FabB of E. coli enzyme,
FabBe, under the same assay conditions. The specific activity of
FabBe with C14:0-ACP was 125.3 6 13 pmol/min/mg (data not
shown). Thus, FabFb catalyzes a condensation reaction char-
acteristic of a long-chain acyl-ACP condensing enzyme, and
there was little difference between the activity of the mutant
and wild-type enzymes under these in vitro assay conditions.

Inhibition of FabFbs by cerulenin. The sensitivity of FabFb

and FabFb[I108F] to cerulenin and thiolactomycin was deter-
mined with the gel electrophoresis assay described above. The
sensitivity of FabFb and FabBe to cerulenin was very similar,
exhibiting an IC50 of 0.1 mg/ml and 0.2 mg/ml, respectively. The
IC50 of cerulenin for FabFb[I108F] was 5 mg/ml, indicating that
the mutant condensing enzyme is highly insensitive to the an-
tibiotic. Notably, the magnitude of the increase in the IC50 of
cerulenin between the wild-type and mutant condensing en-
zymes (Fig. 6A) was consistent with the differences in the
cerulenin MICs for the corresponding strains. Therefore, these
data demonstrate that the amino acid substitution (Ile3Phe)
in the FabFb protein is responsible for the cerulenin resistance
of the mutant strain GS77.

Neither FabFb nor FabFb[I108F] was significantly inhibited
by thiolactomycin (Fig. 6B). In a control experiment, FabBe

exhibited an IC50 of thiolactomycin of 40 mM (Fig. 6B), con-
firming that the drug was effective against a control elongation
condensing enzyme known to be a target for the antibiotic (27,
31, 44). The resistance to thiolactomycin of the FabFb con-

FIG. 3. Alteration in expression from the fabH1-fabF promoter
induced by antibiotics. Strain GS37 (trpC2 pheA1 amyE::pGES35) was
grown in LB medium until the culture reached an OD525 of 0.3 and
then was treated for 1 h with either nalidixic acid (Nal; 75 mg/ml),
cerulenin (Cer; 3.3 mg/ml), or triclosan (Tcs; 0.4 mg/ml). Control cul-
tures were untreated. Levels of b-galactosidase expression (in Miller
units) were determined as described in Materials and Methods. Error
bars are the standard deviation of the results from three independent
experiments.

FIG. 4. Plasmid constructs used to localize resistance to cerulenin in strain GS77. The indicated B. subtilis DNA fragments were cloned into
the integrative plasmid pJM103. The resultant linearized plasmids were used to transform strain JH642 (trpC2 pheA1), and transformants were
screened for resistance to 10 mg of cerulenin/ml. DNA fragments in pGES1, -4, -5, and -6 were derived from strain GS77, and the DNA fragment
in pGES2 arose from strain JH642. The transversion responsible for the resistance to the antibiotic is shown with an arrow. Restriction sites: E,
EcoRI; H, HincII; S, SphI; B, BamHI.
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densing enzyme agreed with the previous report that this an-
tibiotic did not inhibit the branched-chain fatty acid synthase
from Bacillus species (2).

DISCUSSION

Our genetic and biochemical analysis demonstrates that
FabFb, the product of the yjaY gene, is the sole elongation
condensing enzyme that participates in branched-chain fatty
acid biosynthesis in B. subtilis. Sequence analysis indicates that
FabFb is most closely related to E. coli FabF and, accordingly,
expression of FabFb complements E. coli fabF mutants but
cannot complement fabB-deficient strains. Thus, FabFb is un-
able to catalyze the elongation of the critical intermediate(s) in
unsaturated fatty acid synthesis by a type II system. B. subtilis
can synthesize unsaturated fatty acids, but it utilizes a desatu-
rase that acts on preformed phospholipid-bound fatty acids (1).
FabFb is the only elongation condensing enzyme detected in
the B. subtilis genome and, accordingly, genetic analysis con-
firmed that it is an essential enzyme. The other two condensing
enzymes of B. subtilis, FabH1b and FabH2b, condense branched-
chain acyl-CoA primers with malonyl-ACP to initiate fatty acid
synthesis (4). One of these, FabH1b (the product of the yjaX
gene), is the leading gene in the fabH1-fabF transcriptional
unit. Thus, both the initiation and elongation functions of fatty

acid synthesis are coregulated and coordinated with cell
growth.

The elongation condensing enzymes are sensitive to two
natural products, cerulenin (26, 33) and thiolactomycin (11, 25,
27, 44). The recent solution of the three-dimensional struc-
tures of the FabFe-cerulenin binary complex (30) provides the
opportunity to interpret our results based on a model of the
FabFb structure and its complexes with cerulenin. Cellular
resistance to the effects of cerulenin occurred by the mutation
in the fabFb gene to produce a FabFb[I108F] protein. Isoleu-
cine-108 lies in the hydrophobic acyl chain-binding pocket of
the FabF condensing enzymes and must rotate out of the way
to accommodate the acyl chain of cerulenin (30). The I108F
substitution introduces a residue into the hydrophobic channel
that cannot rotate to allow the optimum interaction between
FabF and cerulenin. Indeed, the FabFe[I108F] mutant is also
resistant to cerulenin (45). However, properties of FabFb[I108F]
(Fig. 4 and 5) are not entirely the same as those of FabFe

[I108F] (45). The FabFe[I108F] mutant is essentially inactive
with a 14-carbon acyl-ACP primer (45), whereas FabFb[I108F]
is just as active with this substrate as the wild-type enzyme is
(Fig. 5). Since fabFb is the only elongation condensing enzyme
in B. subtilis and the FabFb[I108F] mutant does not have a
clear growth phenotype, the FabFb[I108F] mutant protein
must also catalyze the elongation of all acyl chain lengths in

FIG. 5. Purification and specific activity of FabFb and FabFb[I108F]. (A) FabFb proteins were expressed as a His-tag fusion protein and purified
by Ni21-chelate affinity chromatography as described in Materials and Methods. Samples were analyzed using sodium dodecyl sulfate-gel
electrophoresis through a 12% polyacrylamide gel, and the 48.3-kDa proteins were visualized by staining with Coomassie blue. (B) Specific
activities of purified FabFbs were determined using myristoyl-ACP as a substrate (E, FabFb; v, FabFb[I108F]) using a gel electrophoresis assay
as described in Materials and Methods, and the amount of the product was quantitated with a PhosphorImager and plotted as a function of the
protein concentration in the assay.
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vivo. The reason for the apparent differences between the re-
activity of the FabFe[I108F] and the FabFb[I108F] proteins with
14-carbon acyl-ACP primers is not clear. The cerulenin-pro-
ducing fungus, C. caerulens, expresses a cerulenin-resistant
condensing enzyme, but the molecular changes that account
for this resistance are not clear (42, 43). Mutations in the gene
for fatty acid synthase in S. cerevisiae result in a Gly-to-Ser
replacement (22). The glycine residue corresponds to Gly-107
in FabF, which is adjacent to the isoleucine that was found to
have mutated in our experiments. The fatty acid synthase of
Bacillus species is remarkably insensitive to thiolactomycin (2),
and our experiments show that FabFb is insensitive to thiolac-
tomycin in vitro. The molecular differences responsible for the

resistance of the Bacillus FabF to thiolactomycin await the
characterization of the mode of thiolactomycin binding to
other condensing enzymes.

The expression of the fabH1-fabF gene cluster is regulated
by growth and the activity of fatty acid synthesis. Transcription
of fabH1-fabF occurs only during exponential growth and is
shut off as the cells approach stationary phase. The sporulation
regulator SpoOA does not mediate this repression, but the
repression may be due to the loss of an inducing signal that
comes from, or is dependent on, cell growth. This finding is
consistent with the requirement for constant fatty acid synthe-
sis for membrane formation during exponential growth and
cessation of this process when the cells cease to divide. An
important finding in this study is the up-regulation of fabFb

transcription and protein levels in response to the inhibition of
the enzyme by inhibitors of fatty acid synthesis. Both the inhi-
bition of the elongation condensing enzyme (FabF) by cerule-
nin and the inhibition of the enoyl-ACP reductase (FabI) with
triclosan significantly increase transcription of the fabH1-fabF
operon. Thus, B. subtilis has the ability to sense a decrease in
the activity of the pathway and to respond by adjusting the
expression of the enzymes. It will be important to test the
possibility that the other genes of the type II fatty acid synthase
of B. subtilis are coordinately regulated by the activity of the
pathway.

How might the expression of the fabH1-fabF genes be reg-
ulated by the activity of the FabFb protein? The inactivation of
the E. coli FabB and FabF enzymes triggers a dramatic in-
crease in the accumulation of malonyl-CoA (11, 15). This find-
ing indicates that the condensing enzymes are required for the
continued utilization of malonyl-CoA, which continues to be
generated by acetyl-CoA carboxylase following inhibition of
fatty acid synthesis. It also seems reasonable to think that the
blockade of enoyl-ACP reductase would also trigger an in-
crease in malonyl-CoA as the pathway shuts down; however,
this supposition needs to be verified. Therefore, one possibility
is that fluctuations in the levels of malonyl-CoA are coupled to
the expression of the fabH1-fabF transcriptional unit. The lev-
els of malonyl-CoA are then in turn regulated in concert with
fatty acid biosynthesis through feedback inhibition by the acyl-
ACP end products and intermediates (8). Recently, the treat-
ment of mice with a cerulenin analog inhibited fatty acid syn-
thesis and reduced food intake and body weight (28). These
investigators proposed that the metabolic signal mediating
feeding inhibition was the accumulation of malonyl-CoA fol-
lowing the inhibition of fatty acid synthase. Therefore, malo-
nyl-CoA may play a universal role signaling the status of fatty
acid biosynthesis in cells.
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FIG. 6. Inhibition of FabFb and FabFb[I108F] by cerulenin and
thiolactomycin. (A) Inhibition of elongation condensing enzymes by
cerulenin. The cerulenin IC50s for FabFb (E), FabFb[I108F] (F), and
FabBe (■) were 0.1, 5, and 0.2 mg/ml, respectively. (B) Inhibition of the
same group of condensing enzymes by thiolactomycin (TLM). Neither
FabFb (E) nor FabFb[I108F] (F) was effectively inhibited by thiolac-
tomycin, and the thiolactomycin IC50 for FabBe (■) was 40 mM.
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