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Cerulenin is a fungal toxin that inhibits both eukaryotic and prokaryotic
ketoacyl-acyl carrier protein synthases or condensing enzymes. It has been
used experimentally to treat cancer and obesity, and is a potent inhibitor
of bacterial growth. Understanding the molecular mechanisms of resistance
to cerulenin and similar compounds is thus highly relevant for human
health. We have previously described a Bacillus subtilis cerulenin-resistant
strain, expressing a point-mutated condensing enzyme FabF (FabF[I108F])
(i.e. FabF with isoleucine 108 substituted by phenylalanine). We now
report the crystal structures of wild-type FabF from B. subtilis, both alone
and in complex with cerulenin, as well as of the FabF[I108 F] mutant pro-
tein. The three-dimensional structure of FabF[I108F] constitutes the first
atomic model of a condensing enzyme that remains active in the presence
of the inhibitor. Soaking the mycotoxin into preformed wild-type FabF
crystals allowed for noncovalent binding into its specific pocket within the
FabF core. Interestingly, only co-crystallization experiments allowed us to
trap the covalent complex. Our structure shows that the covalent bond
between Cysl163 and cerulenin, in contrast to that previously proposed,
implicates carbon C3 of the inhibitor. The similarities between Escherichi-
a coli and B. subtilis FabF structures did not explain the reported inability
of ecFabF[I108F] (i.e. FabF from Escherichia coli with isoleucine 108
substituted by phenylalanine) to elongate medium and long-chain acyl-
ACPs. We now demonstrate that the E. coli modified enzyme efficiently
catalyzes the synthesis of medium and long-chain ketoacyl-ACPs. We also
characterized another cerulenin-insensitive form of FabF, conferring a dif-
ferent phenotype in B. subtilis. The structural, biochemical and physiologi-
cal data presented, shed light on the mechanisms of FabF catalysis and
resistance to cerulenin.
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3D, three-dimensional; AAS, acyl ACP synthase; ACP, acyl carrier protein; bsFabF, FabF from Bacillussubtilis, ecFabF, FabF from Escherichiacoli;
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Introduction

Fatty acids are synthesized in all organisms via a
repetitive cycle of four reactions, involving condensa-
tion, reduction and dehydration of carbon—carbon
bonds. In higher organisms such as insects or mam-
mals, these reactions are catalyzed on a type I fatty-
acid synthase (FASI). In this large multifunctional
protein, the growing fatty acid chain is covalently
attached to the protein [1]. By contrast, in most bacte-
ria, chloroplasts, mitochondria and apicoplasts, a type
IT or dissociated fatty-acid synthase (FASII) is used
for novo fatty acid synthesis. This system employs a
series of monofunctional proteins, each one catalyzing
one step in the biosynthetic pathway, and reaction
intermediates are carried through the cytosol as a thio-
ester of the small acyl carrier protein (ACP) [2]. In
fatty acid biosynthesis, the chain elongation step con-
sists of the condensation of acyl groups, which are
derived from acyl-ACP or acyl-CoA with malonyl-
ACP. This reaction is catalyzed by the B-ketoacyl-ACP
synthases, often referred as condensing enzymes [2].
These enzymes are classified into two groups. The first
class of condensing enzymes (FabH type) is responsi-
ble for the initiation of fatty acid elongation and uti-
lizes acyl-CoA primers [2]. Escherichia coli FabH
selectively uses acetyl-CoA to initiate the pathway and
fatty acids produced are of straight chain and unsatu-
rated [2]. By contrast, Bacillus subtilis contains two
FabH isozymes (FabHA and FabHB) that are selective
for branched chain acyl-CoAs and produces mainly
branched chain fatty acids [3]. Subsequent rounds of
fatty acid elongation is carried out by the second class
of condensing enzymes (FabB/FabF), which condense
malonyl-ACP with acyl-ACP to extend the acyl chain
by two carbons [2]. E. coli expresses both FabB and
FabF condensing enzymes, whereas, in B. subtilis, only
FabF carries out the successive elongation reactions in
fatty acid synthesis [4,5]. Inhibition of this central
reaction within the fatty acid synthesis pathway has
been extensively studied towards the development of
therapeutic applications in obesity, diabetes [6], cancer
[71 and bacterial infections [8]. Several compounds
have been isolated, specifically blocking the bacterial
reaction, resulting in antibiotic compounds such as
thiolactomycin [9], platensimycin [10] and platencin
[11]. Cerulenin was the first FabB/FabF inhibitor to
be identified. The condensing enzyme catalyzes the
opening of the epoxide ring of cerulenin and the cova-
lent modification of the active site cysteine [12]. Ceru-
lenin has a 12-carbon acyl chain that associates with
the hydrophobic channel accommodating the hydro-
carbon chain of the acyl enzyme intermediate [13,14].
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In the model Gram-positive organism B. subtilis,
resistance to cerulenin is given by the fabF1 allele cod-
ing for the FabF[I108F] protein (i.e. FabF with isoleu-
cine 108 substituted by phenylalanine) [4]. Isoleucine
108 lies in the hydrophobic acyl chain-binding pocket
of the FabF condensing enzymes and rotates to
accommodate the acyl chain of cerulenin [14]. The
replacement of Ile108 by Phe introduces a residue in
the hydrophobic channel that cannot rotate to allow
the optimum interaction between FabF and cerulenin
[15]. Indeed, in the ecFabF (i.e. FabF from E. coli)
condensing enzyme, the substitution 1108F resulted in
an enzyme insensitive to cerulenin, although its activity
was limited to shorter (six carbon acyl-ACP) substrates
[15]. Although the biochemical properties of ecFabF
[I108F] (i.e. FabF from Escherichia coli with isoleucine
108 substituted by phenylalanine) suggest that this
cerulenin-resistant enzyme would be unable to elongate
acyl-ACPs in vivo, this prediction has not yet been
received direct experimental support. FabF is the only
elongation condensing enzyme in B. subtilis and, in
contrast to E. coli, the bsFabF[I108F] enzyme (i.e.
FabF from B. subtilis with isoleucine 108 substituted
by phenylalanine) was active with a 14 carbon acyl-
ACP substrate [4]. Moreover, although the fatty acyl
chains of membrane phospholipids of bsFabF[I108F]
is biased towards shorter fatty acyl chain groups [16],
the mutant does not have a growth phenotype (in
addition of its resistance to the antibiotic). To under-
stand the apparent different behaviour of B. subtilis
and E. coli FabF[I1108F] enzymes, we determined the
three-dimensional (3D) structures of wild-type FabF
(wtFabF) from B. subtilis, both alone and in complex
with cerulenin, as well as of the cerulenin-resistant
FabF[I108F] point mutant. These structures provide
important mechanistic insights into the mode of action
of cerulenin, and reveal no significant differences from
the available E. coli FabF structures. We further dem-
onstrate in vitro and in vivo that ecFabF[I108F] effi-
ciently elongates medium and long chain acyl-ACPs.
Finally, we characterize a B. subtilis strain containing
the FabF[I108M] mutant enzyme (i.e. FabF with iso-
leucine 108 substituted by methionine). These data
shed new light on the mechanisms of resistance to this
widely used inhibitor of fatty acid biosynthesis.

Results

Crystal structures of B. subtilis wtFabF and FabF
[1108F]

To understand the structural bases of cerulenin-resis-
tance in the FabF[I108F] enzyme of B. subtilis, as well
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as the differential properties that have been reported
for the same mutation in E. coli, we decided to solve
the 3D structures of the B. subtilis enzymes. Both
wtFabF and the FabF[I108F] point-mutant crystallized
in similar mother liquors resulting in isomorphous
orthorhombic crystals, containing one dimer per asym-
metric unit. The diffraction data allowed us to solve
both crystal structures at high resolution: 1.8 A for
wtFabF and 1.55 A for the cerulenin-resistant FabF
[[108F] (Table 1). Furthermore, we solved the
structure of wtFabF in complex with cerulenin, both
covalently and noncovalently (Table 1). Molecular
replacement using the Staphylococcus aureus ortho-
logue [Protein Data Bank (PDB) code: 2GQD, unpub-
lished], readily identified a solution, which was refined,
initially using noncrystallographic symmetry restraints
(later released in the final stages) and a simple transla-
tion libration screw (TLS) model throughout [17], with
one TLS body per chain. Refined electron density
maps were very clear (Fig. 1A), allowing the entire
chains to be traced, with one dimer per asymmetric
unit. Only the N-terminal fused histidine tags (which
were not removed before crystallization) were not visi-
ble, as well as 12 side chains, which were thus not
included in the final model.

Structural comparison of the FabF[I108F] dimer
with respect to the wild-type, displayed an overall
rmsd of 0.17 A (with 821 residues superposed), thus
revealing almost identical structures, except for the
point mutation and a derived, very slight local rear-
rangement of immediately neighboring side chains.
Overall, FabF from B. subtilis (Fig. 1B) is structurally
very similar to several condensing enzymes [13,18-20],
displaying highest similarity to the orthologues from
S. aureus and Listeria monocytogenes (3004, unpub-
lished), with which the sequence identities are close to
70% and the rmsd values are below 1 A. The general
architecture of these proteins groups them within the
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thiolase-like fold [21,22]. Within the dimer, each
protomer is thus constituted by the conserved two-lobe
thiolase core, which displays five layers of secondary
structure elements ofafo. There are currently a vast
number of 3D structures that correspond to ortholo-
gous enzymes, displaying 1-3 A rmsd and < 60% iden-
tity, including in the top positions the ones from
E. coli (1KAS) and Synechocystis sp. (1IESM). Lower,
yet significant similarity, is also found with the acetyl-
CoA acetyltransferase (IMI1T and related models),
3-hydroxy-3-methylglutaryl-CoA synthase (1XPK and
related) and polyketide synthases among this large
thiolase-related group of enzymes.

The molecular bases of cerulenin-resistance are
clearly revealed by comparing the structures of the
cerulenin-sensitive wild-type form of FabF, with the
resistant point-mutant FabF[I108F] (Fig. 2). The
mutation at position 108, substituting the wild-type Ile
for a bulkier and more rigid Phe residue, introduces a
major constraint with respect to accommodating the
cerulenin long aliphatic chain within its binding tunnel.
The phenyl group of F108 is predicted to clash against
the last three carbons of the antibiotic acyl chain, not
only explaining the resistance of the I108F mutant,
but also its tendency to synthesize fatty acids of
shorter length [4]. For FabF[I108F] to catalyze longer
acyl chain condensations, this phenylalanine should
move, and/or the last portion of the acyl chains fit
unfavorably, with a consequent energetic penalty.

Binding of cerulenin to FabF

Previous work has postulated that cerulenin irrevers-
ibly binds covalently through its epoxide carbon C2 to
the E. coli condensing enzymes FabF [14] and FabB
[13]. The reactive nucleophile in the enzyme catalytic
site is the thiol group of a conserved Cys, correspond-
ing to Cysl63 in B. subtilis. The E. coli enzymes have

Fig. 1. Overall structure of FabF from B. subtilis, showing the final refined electron density maps and molecular model corresponding to the
cerulenin-resistant 1108F mutant of higher resolution. (A) Selected portion of the refined sigmaA-weighted (2mF, — DF,) Fourier electron
density map, contoured at 1c. (B) Ribbon cartoon of one FabF dimer as observed in the asymmetric unit. For clarity in distinguishing both
monomers, one is colored in black, the other is colored in a blue to red ramp rainbow, highlighting the N- to C-terminal direction of the
polypeptide chain. Note the pseudo-dyad axis relating one monomer to the other, from top to bottom in the plane of the paper.
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cerulenin

Fig. 2. Comparison between FabF wild-type, the [108F point-
mutant and the wild-type covalently bound to cerulenin
(intermediate state of the reaction). The cartoon representation
shows a close up on the catalytic center of one of the monomers.
For clarity, only selected side chains are shown. Side chain
carbons colored blue correspond to the wild-type, colored magenta
correspond to the I11T08F mutant, and colored green correspond to
the wild-type in complex with cerulenin. Note the opening of F398
when cerulenin is bound within the acyl chain pocket. Note also
the position of the benzene group of F108, expected to clash with
the cerulenin chain.

been reported to be more sensitive to thiolactomycin
inhibition than the B. subtilis homolog, confirming
that subtle molecular differences among the condens-
ing enzymes result in significant biological variations.
In both cases, the antibiotic is indeed observed bound
within the acyl-binding half of the reaction center (as
opposed to the malonate side, outcompeted by inhibi-
tor compounds such as thiolactomycin). As expected,
the overall binding geometry is similar to those
reported for the E. coli complexes (Fig. 3). In both
complexes, the largest conformational rearrangements
involve residues Phe398 (and the whole loop on which
it resides), as well as Ile108, which move to make the
extra space needed for the antibiotic to fit in the site
snuggly. However, high resolution and clarity in the
electron density maps allows us to add support for a
few important observations that contrast with previ-
ously accepted hypotheses.

First, to trap the covalent intermediate, B. subtilis
FabF appears to follow a transient conformational
rearrangement that allows for the antibiotic to accom-
modate in its competent position to be attacked by the
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Cys163 SH group. This is supported by the fact that
soaking experiments invariably resulted in noncovalent
complexes, where cerulenin is observed as the epoxide
tautomer, displaying a fairly flexible amide group (not
as well defined in electron density as the rest of the
compound). These results were obtained in five inde-
pendent soaking experiments, revealing essentially
identical crystal structures (data not shown). Co-crys-
tallization in contrast, resulted in non-isomorphous
crystals, although these were similar to the previous
noncovalent complexes, which grow under a different
crystallization condition. In this case, one cerulenin
molecule is indeed bound covalently to the Cys163 of
each monomer in the dimeric protein.

A second observation is also important in the con-
text of previous findings: in the covalent complexes,
the carbon atom on the cerulenin polar head that is
bound to the thiol group of Cysl63 is carbon C3
(Fig. 3B) and not C2 as has been postulated. Despite
the clarity of the refined electron density maps, and to
rule out any potential methodological artifact, we cal-
culated omit maps excluding the antibiotic moieties
from the model (Fig. 3B, inset) in accordance with a
refinement protocol that includes simulated annealing
to avoid model-derived phase bias. The covalent link
is definitely observed between the sulfur atom of
Cys163 and C3 of cerulenin, forming a thioether bond.
It has been shown that free cerulenin is more stable in
its hydroxylactam tautomer form in protic solvents
[23,24], in equilibrium with an epoxide variant. From
our noncovalent complexes, we are inclined to propose
that the hydroxylactam form of cerulenin is not the
main reactive species, probably as a result of the pro-
tein-defined hydrophobic environment of the binding
tunnel.

ecFabF[1108F] elongates medium-chain acyl-ACPs

Structural comparison between FabF from B. subtilis
(present study) and E. coli (PDB code: 1KAS) [18],
unexpectedly reveals only minor differences, especially
when analyzing the acyl-binding cavities. To ensure
objective analyses apart from visual inspection and
direct rmsd figures after superposition (0.93 A rmsd,
with 408 residues superimposed), variations were also
assessed with EsCeT [25] without revealing statistically
significant differences. The differences identified are
subtle and, in any case, comprise insufficient evidence
to explain the alleged strong phenotypic difference
between the E. coli and B. subtilis FabF enzymes, vis-
a-vis cerulenin sensitivity. To shed light on this matter
and to better understand cerulenin resistance, we
re-characterized the biochemical properties of ecFabF
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A

Fig. 3. Noncovalent versus covalent binding of cerulenin to B. subtilis FabF. (A) Electron density map (sigmaA-weighted 2mF, — DF. Fourier
map, contoured at 1c) corresponding to crystals of wtFabF soaked with cerulenin. C163 is the reactive cysteine; its thiol group was
reproducibly found to be free, near the cerulenin epoxide ring. (B) Electron density map (sigmaA-weighted 2mF, — DF. Fourier, contoured
at 1o) corresponding to crystals of wtFabF co-crystalized with cerulenin (previously bound to the protein and the complex purified). Note the
covalent connection between the thiol side chain of C163 and carbon C3 of cerulenin. Inset: simulated annealing omit map (sigmaA-
weighted 2mF, — DF. contoured at 10), calculated with pHenx (40), for the FabF:cerulenin complex, performed after excluding the two
cerulenin molecules from the dimer model. The covalent bond involving cerulenin C3 is very clear. (C) Schematic representation of the
epoxid (upper) and hydroxylactam (lower) tautomer structures of cerulenin, indicating the carbon numbering used (D, E) Two-dimensional
diagram of the cerulenin in noncovalent (D) or covalent (E) complex with FabF, clarifying key interactions of the corresponding panels above
(A and B). The view is rotated by approximately 180° according to a vertical axis in the plane of the paper, with respect to (A) and (B).
Protein residues are labeled in circles, depicted as plain green for hydrophobic, pink for polar, pink with red line for acidic, and pink with

blue line for basic residues. Images were prepared in coot [39] and pymoL [42].

[[108F]. Accordingly, two ORFs coding for either the
predicted ecFabF or the mutant protein ecFabF
[I108F] were expressed and purified as described in the
Experimental procedures. The catalytic properties of
ecFabF and ecFabF[I108F] were tested by performing
enzyme assays based on the release of '*CO, from
[3—14C]malonyl-ACP when malonate is incorporated
into acyl-ACPs. The resultant data (Table 3) show
that the two enzymes readily accepted as substrates
have short chain length 6:0-ACP and medium chain
length 10:0-ACP, respectively. Although these data
clearly demonstrate that ecFabF[I108F] is active with
10:0-ACP, they are not in agreement with results of a
study by Val et al. [15] who reported that ecFabF
[I108F] limited the substrate acceptance to 6:0-ACP.
Because these experiments were performed using an
enzymatic assay in which the incorporation of 'C
from [2-'*C]-malonate into a borohydride-reduced
product is recorded, we used this technique to confirm
that ecFabF[I108F] is active with 10:0-ACP. As
expected, the kinetic constants for 10:0-ACP were
essentially similar to those observed utilizing the
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decarboxylation method (data not shown). We also
confirmed by both methods that ecFabF[I108F]
remained insensitive to cerulenin 180 um, whereas the
wild-type enzyme activity dropped to 10% in presence
of 90 um antibiotic (data not shown). These results
suggest that the mutation I108F in FabF of both
B. subtilis and E. coli generates a cerulenin-resistant
enzyme containing a fatty acid substrate-binding
pocket with similar chain length specificity.

To confirm that ecFabF[I108F] is able to synthesize
long chain fatty acids in vivo, we attempted to test the
ability of fabFg. and fabFlg. to functionally replace
the growth defect of a fabF conditional knockout
strain of B. subtilis. However, we failed to functionally
express FabFg,. in B. subtilis (data not shown), proba-
bly because fabFg. contains several codons that are
rarely used in B. subtilis. Because B. subtilis does not
provide a suitable system for testing the function of
FabFlg., we resorted to the E. coli CY288 strain,
which carries a fabF null mutation plus a temperature-
sensitive fubB"” mutation. As expected from previous
data, strain CY288 is nonviable at 42 °C because of

FEBS Journal 281 (2014) 2324-2338 © 2014 FEBS
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30°C 42°C
ara 0.01%
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42°C
ara 1%

DH5c. | CY288
fabF" fabB"| fabF ~ fabB"

CY288/ | CY288/
fabF,, fabF1,.,

Fig. 4. E. coli FabF1 is functional in vivo. Strains DH5a (wt), CY288 (fabF~ fabB™), GS581 (CY288 Pgap-fabFel) and GS582 (CY288 Pgap
fabF1g.) were incubated for 24 h at the indicated temperatures on LB plates containing different amounts of the inducer arabinose.

the lack of FabB and FabF activities resulting in the
failure of unsaturated fatty acid (UFA) supplementa-
tion to support growth (Fig. 4). The lack of growth of
fabF~ fabB"” double mutant strain is a result of its
inability to elongate any nascent fatty acyl chain pro-
duced by FabH to the chain lengths required for syn-
thesis of essential membrane lipids [26]. Therefore,
even in the presence of UFA supplementation, these
strains fail to grow because they are unable to synthe-
size the saturated fatty acid chains required for phos-
pholipids and the essential lipid A component of the
outer membrane. Strain CY288 was transformed with
plasmids pGES490 and pGES491 that encode, respec-
tively, the fabFlIg. or the wild-type fabFg. genes under
the control of the Pxy/ promoter. As expected, the
strain containing the empty vector pGES247 was non-
viable at the nonpermissive growth temperature
(42 °C) even in the presence of an exogenous UFA
(data not shown). By contrast, cultures of CY288 con-
taining either fabFg. or fabFlg. grew at 42 °C in the
presence of an exogenous UFA. Similar results were
obtained when strain CY288 was transformed with
plasmid pGES554, which encoded fabFlIg. under the
control of the Pgap promoter present in the low copy
number pBAD322 vector (Fig. 4). Using this expres-
sion system, functional complementation of CY288
was obtained with fabFI., even with very low concen-
trations of the arabinose inducer (i.e. 0.01% w/v)
(Fig. 4). Thus, this experiment ruled out the possibility
that FabF1g. replaces wild-type FabFg. only when the
mutant protein is overexpressed. These results confirm
that ecFabF[I108F] can catalyze the elongation of all
the acyl-ACP intermediates required to synthesize the
long-chain fatty acyl-ACPs needed for membrane
phospholipids and lipid A.

Characterization of bsFabF[1108M]

Previous work reported that extracts of B. subtilis
strain GS77, expressing the FabF[I108F] isoform,
demonstrated FASII activity that was approximately

FEBS Journal 281 (2014) 2324-2338 © 2014 FEBS

seven-fold higher than extracts expressing wtFabF [4].
Further experiments indicated that most of the genes
encoding for the FAS system were overexpressed in
this strain, and this was necessary both for cerulenin
resistance and normal cell growth [16]. The only phe-
notype associated with FabF[I108F] was its resistance
to cerulenin. During these experiments, we isolated
another B. subtilis strain resistant to cerulenin which
was named GS76. This strain was four-fold more
resistant to cerulenin [minimum inhibitory concentra-
tion (MIC) = 20 pg-mL~'] than the wild-type isogenic
strain JH642 (MIC = 5 pgmL™") but less resistant
than the GS77 strain (MIC = 40 pg-mL™"). To deter-
mine whether the mechanism responsible for cerulenin
resistance of strain GS76 was related to a deficiency in
the uptake or excess secretion of the antibiotic or
whether it contained a FabF allele coding for an
enzyme insensitive to the inhibitor, we obtained crude
protein extracts from wild-type and mutant strains
and assayed in vitro the FASII activities in the pres-
ence or in the absence of cerulenin. These experiments
showed that the GS76 FASII activity was only slightly
reduced by 10 ug-mL™" of cerulenin, whereas the wild-
type extract activity was markedly inhibited by the
antibiotic (Table 4). This result indicates that GS76
synthesizes a FASII resistant to cerulenin instead of
containing a mutation inhibiting the transport of the
antibiotic or enhanced detoxification of cerulenin. The

fabF allele from strain GS76 was amplified and

sequenced, indicating that the ORF has a C—»G trans-
version in position 327 from the translation start. In
the protein sequence, this mutation results in the sub-
stitution of isoleucine 108 on the wild-type enzyme to
a methionine in the mutant allele. Thus, we named
this new B. subtilis fabF allele as fabF3. To confirm
that this allele is responsible for cerulenin resistance,
we constructed the diploid strain FF16 containing an
isotopic copy of GS76 fabF and an ectopic copy of
wild-type fabF under the control of Pspac [inducible
by isopropyl thio-B-p-galactoside (IPTG)] and Pxyl
(induced by xylose), respectively (Table 2). In the

2329



Cerulenin-insensitive condensing enzymes

Table 1. X-ray diffraction data processing and refinement statistics.
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wtFabF + cerulenin wtFabF + cerulenin

wtFabF FabF 1108F mutant noncovalent complex covalent complex
Space group P242424 P2,242, P2,2,2, P2,2,2,
Wavelength (A) 1.5418 1.5418 1.5418 1.5418
Data resolution (A)? 28.9-1.8 (1.9-1.8) 29.0-1.56 (1.64-1.56) 29.24 1.67 (1.76-1.67) 30-2.10 (2.21-2.10)
Measured reflectance 295 602 594 632 370 657 207 898
Multiplicity® 3.5 (3.3) 4.5 (3.4) 3.5 (3.4) 4.1 (4.1)
Completeness (%)? 99.8 (99.1) 100 (99.9) 98.9 (95.4) 97.4 (95.5)
Rimeas (%)*° 0.062 (0.656) 0.046 (0.367) 0.054 (0.521) 0.065 (0.490)
<lfs()>? 13.4 (2.1) 19.1 (3.6) 16.8 (2.5) 14.1 (3.0)
Cell parameters 72.5, 87.5, 144.6 72.1, 88.0, 145.0 72.3,87.7, 144.7 86.4, 87.6, 116.4
a b, c(A)
Refinement 27.9-1.8 22.8-1.56 28.9-1.67 29.1-2.10
resolution (A)
Reryst (number of 16.2 (83 737) 14.9 (130 183) 15.1 (99 202) 16.2 (50 776)
refinements)®
Riree (NuMber of 19.5 (1616) 17.2 (1258) 18.0 (1945) 18.7 (792)
refinements)®
rmsd bond length (A) 0.007 0.010 0.007 0.009
rmsd angle (o) 1.076 1.050 1.111 1.060
Protein nonhydrogen 6992 6299 7147 6138
atoms
Water molecules 686 951 704 393
Ligand atoms 4 (K*)/24 (GOL) 3 (K*)/1 (CI7)/30 (GOL) 4 (K*)/24 (GOL)/32 (CER) 3 (Na™)/1 (CI7)/32 (CER)/12
(EDO)
PDB code 41.S5 4L.S6 4157 41.S8

2 Values in parentheses apply to the high-resolution shell. ° Rmeas = 32, v/Nio/(Nb — 1) 2 |l — (1£)|/ 30, 32 145 N, multiplicity for each reflec-
tion; /, the intensity of the i, observation of reflection h; </>, the mean of the' intensity of all observations of reflection h, with
I+ ="1/Np > (hoyor lyy)i 325 is taken over all observations of each reflection. © R =3, |F(h)obs — F(h)calc|/ >, |F(h)obs|; Ruyst and Riree
were calculated using the working and test hk/ reflection sets, respectively. >, >

absence of both inducers, strain FF16 failed to grow
because no fabF gene is expressed. Xylose-induced
expression of wild-type fabF allowed growth of FF16
but did not confer resistance to cerulenine (Table 5).
However, in the presence of IPTG strain, FF16 was
able to grow in the presence of 10 ug-mL™' of the
inhibitor (Table 5). These results confirm that GS76
synthesizes a FabF enzyme that is resistant to cerule-
nin inhibition.

Strikingly, two differences were observed between
FabF[I108F], contained in GS77, and FabF[I108M],
contained in GS76. GS77 was two-fold more resistant
to cerulenin than GS76, and its FASII activity was
seven-fold higher than that of the wild-type and GS76
strains. We have previously shown that the substitution
I108F constrains the acyl acceptance to short acyl-
ACPs resulting in the accumulation of malonyl-CoA
[16]. The binding of malonyl-CoA to the global regula-
tor of fatty acid biosynthesis FapR impairs the produc-
tive association of the protein to the fap operators,
increasing the expression level of several genes that
constitute the fap regulon in GS77 [16]. To test whether
fabF3 has the same effect as fabFI on the expression of
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the fap regulon, we used B. subtilis strains containing,
either the fabF, fabFl or fabF3 alleles, as well as a
PfabHAF-lacZ transcriptional fusion at the non-essen-
tial amyE locus. The B-galactosidase activities of the
different strains were then compared. As shown in
Fig. 5, transcription of fabHAF-lacZ is upregulated
only in the strain containing fabFI. It follows that only
the fabFI allele caused the accumulation of malonyl-
CoA and malonyl-ACP, indicating that the FabF
[[108M] isoform appears to synthesize normal long
chain fatty acids.

Discussion

The structural and functional characterization of FabF
from B. subtilis that we report reveals the molecular
basis for the resistance to cerulenin that arises by natu-
ral point mutations in this condensing enzyme. Phenyl-
alanine represents a larger and more rigid side chain
compared to wild-type isoleucine. Position 108 is a key
location, in tight association with the growing acyl
chain when it reaches a certain length, as well as deter-
mining the actual volume of the acyl-lodging cavity;

FEBS Journal 281 (2014) 2324-2338 © 2014 FEBS
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Table 2. Bacterial strains and plasmids.

Cerulenin-insensitive condensing enzymes

Strain or plasmid

Relevant characteristics

Source/reference

Strains
Bacillus subtilis
JH642 troC2 pheAl
GS77 JHB42 fabF1 (FabF[I108F])
GS76 JHB42 fabF3 (FabF[I108M])
GS37 JH642 amyE::PfabHAF-lacZ.cat
GS41 GS77 amyE::PfabHAF-lacZ:cat
FF8 GS76 amyE::PfabHAF-lacZ:cat
FF13 JH642 fabHAF::;pMutin4
(PfabHAF-lacZ, Pspac-fabHAF), thrC::PxylA-fabF1
FF14 JHB42 fabHAF: pMutind
(PfabHAF-lacZ, Pspac-fabHAF), thrC::PxylA-fabF
FF16 GS76 fabHAF::pMutin4

Escherichia coli

(PfabHAF3-lacZ, Pspac-fabHAF3), thrC::PxylA-fabF

DH5a SUPE44 thi-1 AlacU169(b80lacZAM15) endA1 recAl
hsdR17 gyrA96 relAl trp6 cysT329::lac inmF'?%%
M15[pREP4] nal® str® rif® thi~ lac™ ara® gal® mtl~ F~ recA* uvr’ lon*
BL21(DE3) F ompT gal dem lon hsdSg(rs"mg~) MDE3 [lacl
lacUV5B-T7 gene 1 ind1 sam7 nin5])
CvY288 fabF fabB(Ts)
GS484 M15[pREP4] fabFg,'1%%"hisg
GS581 CY288 PBAD—fabFEC
GS582 CY288 PBAD—fabF7EC
Plasmids
pBAD322 E. coli cloning vector; contains arabinose inducible
Pgap promoter, Amp"
pQE32 E. coli cloning vector; Amp"
pGE5204 pl\/lutin4 + 5/fabHA(from ~58 to +383 of initial ATG)
pGES247 Integrates in amyE, contains xylose inducible Pxy/A
promoter, spec”
pGES478 pGES247 + fabFg.""
pGES479 PGES247 + fabFg,%8"
pPGES480 PQE32 + fabFg."%F
pGES553 PBAD322 + fabFg "
pPGES554 PBAD322 + fabFg,'%%"
pMSD8 Encode the four acetyl CoA carboxylase subunits, Amp"

Laboratory stock
Schujman et al. [48]
Present study
Schujman et al. [4]
Schujman et al. [4]
Present study
Present study

Present study

Present study

Laboratory stock

Qiagen
Laboratory stock

de Mendoza et al. [33]
Present study
Present study
Present study

Cronan [49]

Promega
Present study
Albanesi et al. [32]

Present study
Present study
Present study
Present study
Present study
Davis et al. [50]

Table 3. Kinetic parameters of E. coli F

abF and FabF[I108F°.

fatty acids by cell free

Table 4. Effect of cerulenin (10 pg-mL~™") on in vitro synthesis of

extracts.

Substrate Parameter FabFg. FabF[I108F]g.
Specific activity®

HexanoyF-ACP Ky, (um) 784+ 1.2 78+ 05 (pmol-min~"-mg protein~")

Viax 102 +12 304 +1.7

(pmol-pg~"-min~") Strain — cerulenin + cerulenin
Decanoyl-ACP K, (um) 11.0£ 09 446 +05 o

Vi 510+53 113+ 1.1 JH642 4.1 1.1 (28%)

( GS76 4.0 3.0 (75%)

pmol-pg~"-min~")

®Reported values are from one measurement representative of four
independent experiments.

hence, there is high sensitivity in the phenotypic results
associated with particular mutations.

The size of the side chain at position 108 appears to
be a major parameter correlated with cerulenin resis-
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@ Activities were determined in cell extracts as described in the
Experimental procedures. ° Residual activity relative to the
untreated cell extract.

tance. This can be clearly seen with the phenylalanine
substitution, given that the Ile residue occupies approxi-
mately 170 A3, compared to the bulkier Phe side chain,
which increases its volume to approximately 200 A’

2331



Cerulenin-insensitive condensing enzymes

F. Trajtenberg et al.

Table 5. Growth of merodiploid fabF mutant strains in the presence of different inducers and cerulenin.

Growth?
Strain  Genotype (=) IPTG 0.5 mm  Xylose 0.5% IPTG 0.5 mm, Cer 10 pg-mL™" Xylose 0.5%, Cer 10 ug-mL~"
FF16 Pspac-fabF3, Pxyl-fabF — + + + —
FF13 Pspac-fabF, Pxyl-fabF1 - + + — +
FF14 Pspac-fabF, Pxyl-fabF - + + - -

@ Strains were grown in LB plates at 37 °C for 24 h in the presence of inducers and/or cerulenin, as indicated.

[27]. This larger volume is predicted to cause direct steric
hindrance, hampering enzyme function (FabF[I108F]
accumulates malonyl-CoA and requires overexpression
of FabF for proper growth) and also resulting in higher
resistance to cerulenin (MIC = 5 pgmL~! versus
40 pgmL~" for wtFabF and FabF[I108F], respec-
tively). An intermediate phenotype was seen with the
1108M substitution (MIC = 20 pg-mL™"), which, how-
ever, does not accumulate malonyl-CoA, thus behaving
similar to the wild-type with respect to its ability to
accommodate longer acyl chains. This is consistent with
the fact that Ile and Met are almost isosteric, a much
more subtle structural modification, whereby steric hin-
drance is not expected to affect longer acyl chains to
grow within the cavity. However, the lower hydropho-
bicity of Met compared to Ile [28] may well be the basis
of decreased cerulenin binding because, as noted above,
position 108 is a key site establishing direct contact with
the acyl chain.

A striking observation concerns the nature of the
covalent bond between FabF and cerulenin, which we

__ 1000 .
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Fig. 5. Expression of the fap regulon in wild-type, fabF1 and fabF3
background. B. subtilis strains GS37 (wild-type, circles), GS41
(fabF1, triangles) and FF8 (fabF3, squares) harboring a PfabHAF-
lacZ fusion located in the amyE locus were grown in LB medium at
37 °C. Growth was monitores by measuring culture absorbance at
525 nm (dotted lines). At the indicated times, samples of each
culture were removed to assay pB-galactosidase specific activity
(solid lines). A single experiment representative of four repeats is
shown.
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have observed to occur between the Cysl163 thiol
group and carbon C3 of the antibiotic. A direct nucle-
ophilic attack of the thiol on carbon C3 should resolve
with the opening of the epoxide, leaving the oxygen
atom as a hydroxyl group on carbon C2. However, in
our structure, we clearly see that the hydroxyl group is
still bound to C3 (C2 is a methylene). To exclude a
potential modeling error, we performed subsequent
refinement cycles starting with our final model,
although this was modified such that the hydroxyl
group was forced to be bound to C2, with C3 remain-
ing as a tertiary carbon. With or without simulated
annealing, the results undoubtedly support our current
model, with very strong difference Fourier peaks indi-
cating the true position of the OH (Fig. 6). This
strongly suggests a more complex mechanism of reac-
tion: the thiol group may initially attack either carbon
C2 or C3, so that the intermediate subsequently suffers
a rearrangement, eventually shifting the OH from C2
to C3 or, instead, the Cys163 SH group might end up
bonding to C3. It appears that under, unrestrained

Fig. 6. Electron density map (sigmaA-weighted 2mF, — DF,
Fourier map, contoured at 1.2c, and sigmaA-weighted mF, — DF,
Fourier map, contoured at 3.5c) corresponding to crystals of the
covalent complex between B. subtilis wtFabF and cerulenin. The
model used in this re-refinement was modified changing
the position of the hydroxyl group from carbon C3 (as observed in
the crystal structure reported, see main text) towards C2. Note the
resulting positive difference Fourier peak on C3 (7.1c), whereas a
negative peak at the refined position on C2 is also observed (4.8c).
These results comprise strong evidence supporting a quaternary
C3 carbon configuration, bound to both the OH group and the SG
of Cys163.

FEBS Journal 281 (2014) 2324-2338 © 2014 FEBS
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conditions (i.e. working with free cysteine as a nucleo-
phile), the reaction occurs by a direct nucleophilic
attack to carbon C2 [24], with the epoxide oxygen
migrating to C3, without further rearrangements. The
fact that previous FabF [14] and FabB [13] crystallo-
graphic reports followed the initial hypotheses based
on spontaneous cerulenin reactivity is probably derived
from the lower quality of the electron density maps
that could be analyzed. E. coli FabF crystals were
fragile, resulting not only in limited resolution
(2.65 AO;), but also in rather incomplete diffraction
data. In the case of the 2.27 A resolution FabB struc-
ture, although the data are indeed better, the electron
density is ambiguous with respect to defining the
actual connection between the cerulenin moiety and
the catalytic Cys. We reanalyzed these latter results
from the PDB with further refinement [29] and it was
strongly suggested that the bond is indeed made with
cerulenin C3, with otherwise negative F, — F. peaks
on the modeled O1 (bound to C4) that can be satisfac-
torily corrected using our interpretation. Further stud-
ies need to be conducted to reveal the mechanistic
details of the trans-acylation reaction within the pro-
tein catalytic site environment. In any case, the
observed difference from previous reports implies a
slight but measurable shift in the actual position of the
covalent cerulenin residue, with potential implications
for target-based drug-design.

The catalytic properties previously reported for the
point mutation I108F for the FabF enzymes of
B. subtilis or E. coli suggested that there should be
structural differences between both proteins. How-
ever, the structural comparison did not reveal any
relevant molecular differences that would explain
these functional discrepancies when using long-chain
acyl-ACPs as substrate. The acyl-binding cavities
show very similar volumes, ranging between 35 and
50 A*, with the E. coli protein at the higher end of
the range. The most significant differences lay instead
on the malonate-binding half-site near the reaction
center, where B. subtilis displays important substitu-
tions on the N-terminal end of a helix that includes
larger residues, Tyr307-Tyr308-Asn309 (Pro-Ala-Gly
in E. coli). These bulkier side chains in the B. subtilis
enzyme partially occlude the entrance of the binding-
pocket. Although these modifications might affect
binding and sensitivity to malonate-competing com-
pounds (such as thiolactomycin or platencimycin),
they do not appear to support potential cerulenin-
binding modulation at the growing acyl half-site.
Deep in the acyl-binding tunnel, minor differences
can be identified, which could affect the fine-tuning
of the acyl-chain length preference and/or antibiotic
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sensitivities. Specifically, the residues Alal92 and
Prol193 in B. subtilis, correspond to Lys192 and
Alal93, respectively, in E. coli. Prol93 is approaching
residue 108 from the end of the acyl-binding tunnel.
If wild-type Ile108 is changed to a phenylalanine,
Pro193 comes into van der Waals contact (3.8 A
among the nearest Phel08-Prol94 carbon atoms).
The substitution of this proline to an alanine in the
E. coli enzyme might be able to modulate the ability
of the enzyme to accommodate Phel08 movements.
Overall, given their structural resemblance, we eventu-
ally hypothesized that both proteins should have the
same catalytic properties. We therefore performed a
detailed in vitro and in vivo characterization, confirm-
ing that both proteins are able to similarly use long-
chain acyl-ACPs as substrate and that the same resis-
tance mechanism is involved.

Taken together, our results highlight the importance
of residue 108 of FabF both with respect to the length
of acyl-ACPs that the enzyme is able to elongate, as
well as its resistance to cerulenin. As the size and rigid-
ity of the amino acid residue in that position increases,
the enzyme becomes less efficient in the elongation of
long-chain acyl-ACPs, consequently conferring higher
levels of resistance to the antibiotic.

Experimental procedures

Construction of strains

Strains and relevant plasmids used in the present study are
listed in Table 2. The E. coli malonyl-CoA:ACP transacy-
lase (MCAT) gene cloned in the expression vector pET15b
(Novagen, Madison, WI, USA) was kindly provided by Dr
C. Rock, [30]. The E. coli B-ketoacyl-ACP synthase I (KAS
I) gene cloned in the expression vector pQE30 (Qiagen,
Calencia, CA, USA) was a much appreciated gift from Dr
K. Dehesh [31].

To generate E. coli fabF coding for the mutation 1108F,
SOEing PCR was employed with primers fabFcolExpUp
(5-GAGTTTAAGCTTTTTGTCCCACTAGAATC-3), fabF
coll108FRev (5-GCCAAACCCGGAGCCAATTG-3), fabF-
coll108FFow (5-GCAATTGGCTCCGGGTTTGG-3') and
fabFcolExpLow (5-ATAACGGTGGATCCTGACAACTT
AGATC-3'), using E. coli DNA as template. E. coli fubF
gene was amplified from E. coli DNA using primers fabFco-
IExpUp and fabFcolExpLow. Both genes were cloned in
pTOPO (Life Technologies, Grand Island, NY, USA), gener-
ating plasmids pGES475 (fabFg."") and pGES476 (fabFp.
J1O8F): their sequences were verified and the genes were
subcloned into pGES247 [32] to obtain plasmids pGES478
and pGES479, respectively, and into pBAD322 generating
plasmids pGES553 (fabFp"") and pGES554 (fabFp%F).
Transformation of strain CY288 [33] with plasmids
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pGES553 and pGESS554 generated strains GS581 and
GS582, respectively. To clone fabFp ' in pQE32, the gene
was re-amplified with primers fabFcolHis6Up (5-CCTA
GAGGATCCACTTGTCTAAGCGTCGTG-3') and fabF-
colHis6Low (5-CTGTTATAAGCTTGGAAAATGACAA
CTTAGATC-3') using pGES476 as template. The resulting
plasmid pGES480 was transformed into the expression strain
M15 to obtain strain GS484.

To obtain strains FF13 and FF14, strain GS203 was
transformed with plasmids pGES420 or pGES419 [16],
respectively. Strain GS203 was obtained by transformation
of wild-type strain JH642 with pGES204. pGES204 is
derived from pMUTIN4 [34] and contains the first 481
bases of fabHA, PCR amplified from JH642 DNA using
primers RegFow (5-TACCTGAAGCTTATAATTGATC
ACAACCTGA-3') and yjaXSac2 (5-TTGCCGCGGATT
CAATAAATTGTTT-3). Strain FF16 was obtained by
transformation of strain GS76 with pGES204 and then
with pGES419. Strain FF08 was obtained by transforma-
tion of strain GS76 with pGES35 [4].

Protein expression and purification

Acyl ACP synthase (AAS) from Vibrio harveyi B392 was
expressed and purified from E. coli strain YFJ239 [35]. All
E. coli strains were grown at 37 °C in LB medium supple-
mented with ampicillin and/or kanamycin. IPTG was used
to a final concentration of 1 mm. Proteins were purified as
detailed previously [30]. Protein concentrations were deter-
mined by the Lowry method. Aliquots were stored frozen
and diluted to suitable concentrations with storage buffer
before analysis. SDS/PAGE analysis was performed by the
method of Laemmli.

For crystallization purposes, wtFabF and the mutant
FabF[I108F] were purified by Ni*"-affinity chromatogra-
phy using a HisTrap column (GE Healthcare, Milwaukee,
WI, USA) and then injected into a HiLoad 16/600 Super-
dex 200 prep grade column (GE Healthcare) pre-equili-
brated with 20 mm Tris-HCI1 (pH 8), 150 mm NaCl, 1 mm
EDTA and 0.5 mwm dithiothreitol. After size exclusion chro-
matography, both proteins were concentrated to
12 mgmL~" by ultrafiltration (Vivaspin; GE Healthcare)
and stored in aliquots at —80 °C for further use in crystalli-
zation trials.

Protein crystallization

Crystals of FabF[I108F] were grown using the vapor-dif-
fusion method, mixing equal amounts of protein and res-
ervoir solutions [12% poly(ethylene glycol) 3350, 0.2 m
KCI] in drops of 4 plL. The first crystals appeared in
< 24 h. wtFabF crystals grew under slightly different con-
ditions [10% poly(ethylene glycol) 3350, 0.25 m KCI],
using crystals of FabF[I108F] as a source of microseeds.
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Soaking cerulenin at 10 mg-mL™" for 30 min on wtFabF
crystals allowed us to obtain the structure of the noncova-
lent complex. The covalent complex was obtained by
co-crystallization, preincubating the protein for 1 h in a
10 M excess of cerulenin. The protein—cerulenin complex
was thereafter injected into a Superdex 200 10/300 GL
column (GE Healthcare), concentrated at 12 mg-mL™'
and crystallization drops prepared as above but with a
different reservoir solution [15% poly(ethylene glycol)
3000, 0.1 m sodium citrate, pH 5.5]. Single crystals
appeared 1 week later. Crystals were cryoprotected in
their respective mother liquors containing 25% glycerol,
and flash frozen in liquid N,.

Diffraction, data collection and structure
determination

X-ray diffraction data were collected at the Institut Pasteur
de Montevideo (Protein Crystallography Facility) at 108 K
(Cryostream Series 700; Oxford Cryosystems, Long Han-
borough, UK) with a MicroMax 007-HF Cu rotating
anode (Rigaku Corp., Tokyo, Japan), Varimax-HF mirrors
(Rigaku Corp.) and a Mar345 image plate detector (Marre-
search GmbH, Norderstedt, Germany). Data sets were pro-
cessed using xps [36] and scara [37]. The structure was
solved by molecular replacement with AMORE [38] using the
atomic coordinates of FabF from S. aureus (2GQD) as a
search probe. Model rebuilding was performed with coor
[39], and iterative refinement with PHENIX [40] or BUSTER
[41]. Re-refinement of published models was carried out
with REFMACS [29].

Structural analysis

To evaluate conformational changes as a consequence of
the T108F substitution, as well as detailed superpositions
between the noncovalent and covalent cerulenin complexes,
we used error-scaled difference distance matrices [25]. All
comparisons were conducted with a 2 SD cut-off level to
consider significant changes. The Ca values of the statisti-
cally invariant residues were used for least-squares superpo-
sitions. Simulated annealing omit maps were calculated
with PHENIX [40] using the model of wtFabF in a covalent
complex, without the modeled cerulenin. Model visualiza-
tion and preparation of figures were performed using PymMOL
[42].

Enzymatic assays: substrate preparation

The C6:0 and Cl10: acyl-ACPs were synthesized with
AAS and E. coli holo-ACP, a gift from Dr John Cronan,
University of Illinois, Urbana-Champaign, USA. The AAS
activity was assayed using 20 um purified E. coli holo-ACP
and 100 pm sodium [1-'*C]palmitate (55 mCi-mmol "),
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0.1 m Tris-HCl (pH 7.8), 10 mm ATP, 10 mm MgSO,,
5 mm dithiothreitol, and 0.2 pg of the AAS enzyme prepa-
ration was mixed in a 50-pL reaction system and incubated
at 37 °C. The reaction mixes were then loaded onto 3MM
filter disks (Whatman, Maidstone, UK), which were washed
and counted for radioactivity as described by Ray and Cro-
nan [43]. The C6:0 to C10:0 acyl-ACP were synthesized and
purified according to Shen et al. [44] using essentially the
same reaction, except that nonradioactive fatty acids
replaced the radioactive substrate. We used (1-'*C)-labeled
fatty acids of very low, specific activity (0.08 mCi-mmol~")
for the synthesis of all substrates to facilitate their subse-
quent purification. The acyl-ACP that eluted from the octyl
Sepharose (Pharmacia LKB Biotechnology AB, Uppsala,
Sweden) column was lyophilized and the residue was
diluted with deionized water. The samples were analyzed on
20% polyacrylamide gels containing 0.5 M urea [45] and
quantified as described previously [46]. Substrates were
stored at —80 °C.

[3-C'"*Jmalonyl-CoA was prepared by incorporating
“CO, from sodium bicarbonate 40 mCi-mmol~! to ace-
tyl-CoA using a crude extract of E. coli BL21/pMSDS§
that over-expressed the four subunits of acetyl CoA car-
boxylase. The reaction mix (total volume of 4 mL) con-
tained 0.1 M Tricine-KOH buffer (pH 8.0), 1 mm ATP,
2.5mM MgCl,, 100 mm KCl, 1 mm NaH'“CO, (40 pCi),
1 mm dithiothreitol, 0.5 mm acetyl-CoA, and up to 2 mg
of cell-free extract protein pretreated with cerulenin. The
reaction was incubated for 2 h at 37 °C and stopped with
10% trichloroacetic acid. The product was purified with
C18 SepPak columns. Briefly, the trichloroacetic acid
supernatant was loaded into pre-equilibrated columns
with 10 mL of 1 mm HCI acid, washed with 10 mL of
1 mm HCI acid and then the malonyl-CoA was eluted
with a 95 : 5 mix of 0.1 M ammonium acetate buffer (pH
6.5) : acetonitrile; a second purification step used the
same column and the product was eluted with a mix of
5 : 95 ammonium acetate buffer: ethanol (J. Cronan, per-
sonal communication).

Decarboxylase assays

These assays measure the ability of KAS protein to decar-
boxylate the donor substrate [3-'*Clmalonyl-ACP in the
condensing reaction or in the elongation reaction with
hexanoyl-ACP or decanoyl-ACP, forming octanoyl and
dodecanoyl-ACP, respectively. The reaction mix contained:
ACP 25 pwm; dithiothreitol, 1 mwm; Tris-HCI, buffer 0.1 M
(pH 7.5) and 3 mM, B-mercaptoethanol. [3-'*C]malonyl-
CoA was generated in situ from ACP and [3-'*C] malonyl-
ACP (26500 d.p.m.-uL~", 24 mCi-mmol~") using 1 pg of
FabD in 25 mm potassium phosphate buffer (pH 6.8) in a
25-uL final volume. The reaction was incubated for 2 min
before other components were added. The reaction mix was
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incubated at 37 °C in eppendorf tubes with a filter disk
inside the caps impregnated with BaCl, to trap the CO,
released from the reaction. The reaction was stopped open-
ing the tubes and the radioactivity in the filter disk was
counted.

Ketoacyl-ACP synthase assay

The KAS activities for EcFabF and EcFabFI108 were
assayed according to Garwin et al. [26]. Briefly, the assays
contained hexanoyl- or octanoyl-ACP between 0 and
100 pM, 50 pm [2-'*C]malonyl-CoA  (specific  activity,
52 Ci-mol™"), 100 pm ACP, 1 pg of EcFabD and the indi-
cated amount of EcFabF or EcFabFI108 in a final vol-
ume of 20 pL. To ensure the linearity of the assay, we
carried out the enzyme activity assays with a range of
substrate concentrations, protein concentrations and incu-
bation times (results not shown). ACP was reduced by
0.3 mm dithiothreitol before the other reaction compo-
nents were added. After incubation of the sample at
37 °C for 20 min, the reaction was stopped by adding
0.4 mL of freshly prepared reducing agent containing
0.1 m K,HPO4, 04 M KCI, 30% tetrahydrofuran, and
5 mg-mL~"' NaBH,. The reaction mixtures were vigorously
agitated and incubated at 37 °C for 40 min, followed by
extraction with 0.4 mL of toluene. To address the effect
of cerulenin on KAS activity, 1 ng of either the FabB or
FabF protein was incubated at room temperature with 0,
5, 10, 50, 100 or 200 pum cerulenin for 7 min before initia-
tion of the condensation reaction. A final volume of
25 pL contained 200 mmM potassium phosphate buffer (pH
7.8), 0.6 mm B-mercaptoethanol, 1 mm EDTA, 50 um
ACP, 200 mm malonyl-CoA, 0.6 mU MTA and 30 pum
C12:0-ACP.

In vitro FAS assay

Cell-free extracts used to assay FAS activity were obtained
from cultures of strains GS76 and JH642, grown in LB
medium and harvested at mid exponential phase. The reac-
tion mixture contained 0.1 M sodium phosphate (pH 7),
5 mMm B-mercaptoethanol, 3 mm EDTA, 5 mm dithiothrei-
tol, 0.7 mmM NADP, 9 mm glucose 6-phosphate, 0.1 units of
Glc6P DH, 20 pm ACP, 20 um isovaleryl-CoA, 40 um
malonyl-CoA, 4 pm [2-"*Cmalonyl-CoA and 50 pg of the
40-70% ammonium sulfate fraction of protein extracts, in
a final volume of 50 pL. Cerulenin, when present, was
added to a final concentration of 10 pg-mL~! to protein
extracts and preincubated for 10 min at 37 °C, and the
reaction was started by addition of the remaining compo-
nents. After incubation at 37 °C for 20 min, the reaction
was stopped by addition of 10% w/v KOH. Free fatty
acids were extracted with hexane and quantified in a scintil-
lation counter.
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p-Galactosidase-specific activity

B-Galactosidase-specific  activity (AD4s min~'mL™'-cul-
ture™' x 1000/Dsp5) was determined as described previ-
ously [47] after pelleting cell debris.
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