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Plasmodium falciparum, in addition to scavenging essential fatty acids from its intra- and intercellular
environments, possesses a functional complement of type II fatty acid synthase (FAS) enzymes targeted to the
apicoplast organelle. Recent evidence suggests that products of the plasmodial FAS II system may be critical
for the parasite’s liver-to-blood cycle transition, and it has been speculated that endogenously generated fatty
acids may be precursors for essential cofactors, such as lipoate, in the apicoplast. �-Ketoacyl-acyl carrier
protein (ACP) synthase III (pfKASIII or FabH) is one of the key enzymes in the initiating steps of the FAS II
pathway, possessing two functions in P. falciparum: the decarboxylative thio-Claisen condensation of malonyl-
ACP and various acyl coenzymes A (acyl-CoAs; KAS activity) and the acetyl-CoA:ACP transacylase reaction
(ACAT). Here, we report the generation and characterization of a hybrid Lactococcus lactis strain that
translates pfKASIII instead of L. lactis fabH to initiate fatty acid biosynthesis. The L. lactis expression vector
pMG36e was modified for the efficient overexpression of the plasmodial gene in L. lactis. Transcriptional
analysis indicated high-efficiency overexpression, and biochemical KAS and ACAT assays confirm these
activities in cell extracts. Phenotypically, the L. lactis strain expressing pfKASIII has a growth rate and fatty
acid profiles that are comparable to those of the strain complemented with its endogenous gene, suggesting that
pfKASIII can use L. lactis ACP as substrate and perform near-normal function in L. lactis cells. This strain may
have potential application as a bacterial model for pfKASIII inhibitor prescreening.

The rapid replication of Plasmodium falciparum in infected
hosts requires a continuous supply of lipids. As lipids are abun-
dant in blood serum and hepatic tissues, it was initially pre-
sumed that plasmodia would likely not possess innate fatty acid
biosynthesis machinery and instead rely on salvaging lipids
from host organisms (16). This assumption was questioned
upon the sequencing of the P. falciparum genome (3), which
revealed that plasmodia possess an intact endogenous type II
fatty acid biosynthesis pathway (FAS II) for de novo synthesis
of fatty acids (Fig. 1) (6, 10, 12). Enzymes of the FAS II system
of P. falciparum were subsequently determined to be targeted
to the apicoplast organelle via bipartite leader peptides,
suggesting a critical role in parasite growth and develop-
ment (6, 12, 16a).

The importance of FAS II enzymes in plasmodial develop-
ment in infected hosts remains unclear. A number of com-
pounds with FAS II enzyme inhibitory activity and in vitro
blood stage antiplasmodial assay results have been reported,
including inhibitors of FabI and FabH (pfKASIII in P. falcip-
arum) (6, 8). However, recent data demonstrate that genetic
knockouts of fatty acid biosynthetic genes encoding FabI,
FabF, and FabZ, each generating an ultimate compromise of

the FAS II pathway, have little or no effect on the blood stage
replication of various plasmodia (15, 22). These data suggest
that inhibitors of FabI and FabH likely exert their activity in
the blood stage via an alternative mechanism. A similar FAS II
independence in a blood context has been observed in the bac-
terial pathogen Staphylococcus aureus (1), questioning the utility
of FAS II-targeting drugs as a general therapeutic strategy.

Unlike S. aureus, P. falciparum propagates via several dis-
tinct developmental stages. Recent detailed genetic analysis of
the plasmodial FAS II pathway suggests that it may indeed be
critical for pathogenicity. Notably, several FAS II-deficient
Plasmodium yoelii strains have been shown to be largely in-
competent in the developmental transition from liver stage
trophozoite into erythrocytic merozoites (15, 22). Conse-
quently, it has been speculated that interrupting this key stage
of the infective life cycle may have therapeutic potential.

A lynchpin enzyme in the plasmodial FAS II cycle is the
initiating �-ketoacyl-acyl carrier protein (ACP) synthase III
(pfKASIII or FabH) (Fig. 1), which primarily catalyzes the
decarboxylative condensation of malonyl-acyl carrier protein
(mal-pfACP) and acetyl coenzyme A (acetyl-CoA; KAS activ-
ity) and secondarily catalyzes acetyl-CoA:pfACP transacylase
activity (ACAT activity) (10, 19). To study the function of
pfKASIII in the context of an intact type II FAS pathway in
vivo, we endeavored to insert the encoding gene into bacterial
fabH knockout strains. Our initial studies of fabH deletions in
B type E. coli were complicated by the propensity of these
strains to readily acquire bypass mutations, a property that has
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also been previously observed by J. E. Cronan and cowork-
ers (personal communication). As L. lactis fabH mutants
that do not display the propensity to form similar bypass
mutations have been reported (5), perhaps due to this or-
ganism’s more compact genome (2.3 Mb; GenBank acces-
sion number AE005176), we have developed a pfKASIII ex-
pression vector for L. lactis and used it to complement an L.
lactis �fabH strain (5). Transcriptional analysis demonstrates
high copy number of pfKASIII-encoding mRNA in the trans-
formed L. lactis strain. While the �fabH strain is dependent
upon exogenously added fatty acids for growth, the pfKASIII-
complemented strain grew robustly in media lacking fatty ac-
ids. Consistent with this phenotype, significant pfKASIII activ-
ity of cell extracts of chimeric strains was observed along with
ACAT activity relative to that of the knockout strain. Analysis
of membrane fatty acids of wild-type and chimeric strains in-
dicates that membrane composition is largely unaltered rela-
tive to that of L. lactis complemented with its wild-type fabH.

Together, these data suggest that the L. lactis-Plasmodium
chimera contains an intact FAS II system dependent upon

pfKASIII for the initiation of de novo fatty acid biosynthesis.
The chimera was further evaluated as a bioassay strain for FAS
II inhibitor prescreening.

MATERIALS AND METHODS

Materials. All chemicals were obtained from Sigma-Aldrich unless otherwise
indicated. Restriction enzymes were obtained from New England Biolabs, and
M17 medium was purchased from Difco (catalog number 218561).

Strains, plasmids, and culture conditions. L. lactis CL112 possesses a 36-bp
in-frame deletion in the active-site-encoding region of chromosomal fabH in L.
lactis IL1403. Escherichia coli TOP10 cells were from Invitrogen (catalog number
553001A). All E. coli strains were grown in LB medium according to standard
protocols. L. lactis strains were maintained in GM17 medium (M17 medium plus
0.5% glucose) or SGM17 medium (M17 medium plus 0.5% glucose plus 0.5 M
sucrose) with or without added sodium oleate or bovine serum fatty acids, as
necessary.

Synthesis and modification of the gene encoding pfKASIII. The codon-opti-
mized 972-bp P. falciparum fabH gene was synthesized based on the deposited
protein sequence (GenBank accession number AF038929; protein identification
number AAC63960.1) by DNA2.0 Inc., and restriction sites for cloning into
expression vector pMG36e (SalI and HindIII) (14) were subsequently appended
to the synthetic gene along with a stop codon and ribosomal binding site via PCR
by using the primers pfKAS-36e-s2 and pfKAS-36e-a (Table 1).

L. lactis electrocompetent cell preparation. L. lactis strains were inoculated via
colony or glycerol stock into medium GM17O (M17 medium plus 0.5% glucose
plus 50 �g/ml sodium oleate) and incubated with shaking at 30°C to an optical
density at 600 nm (OD600) of 0.5 to 0.8 (�40 h). A total of 600 �l of this seed
culture was inoculated into 30 ml of GM17O with 0.5% glycine supplementation.
After growing at 30°C to an OD600 of 0.6 to 0.8 (3 to 4 h), the cells were
incubated on ice for 20 min and harvested by centrifugation (4°C at 3,000 � g for
20 min). Following two washes in ice-cold sterile 0.5 M sucrose-10% glycerol, the
cells were gently resuspended in 1/100 culture volume of 0.5 M sucrose-10%
glycerol, aliquoted (50 �l/Eppendorf tube), and stored at �80°C.

Ligation of pfKASIII-encoding gene and pMG36e vector and transformation
into L. lactis CL112. Both the gene encoding pfKASIII and the vector pMG36e
were digested with SalI/HindIII, and the gel-purified DNA fragments were
ligated using T4 DNA ligase (NEB). Individual ligation reactions were desalted
by sodium acetate/isopropanol precipitation, and the resulting DNA pellets were
resuspended in sterile water prior to transformation. Electroporation was per-
formed using a Bio-Rad Gene Pulser Xcell with a PC module. Competent cell
suspensions were mixed with desalted ligation reaction mixtures (1 to 10 �l, in
water), transferred to an ice-cooled electroporation cuvette (2-mm electrode
gap), and exposed to a single electrical pulse (3.0 kV, 25 �F, 200 �, 5 ms).
Immediately following the discharge, the suspension was mixed with 1 ml of
SGM17OMC(E) broth (M17 medium plus 0.5% glucose, 0.5 M sucrose, 50
�g/ml sodium oleate, 20 mM MgCl2, 2 mM CaCl2, and 50 ng/ml erythromycin)
and incubated on ice for 5 min. The cells were then incubated with shaking at
30°C for 2 h. A total of 100 to 150 �l was spread onto SGM17OE agar (M17
medium plus 0.5% glucose, 0.5 M sucrose, 50 �g/ml sodium oleate, 5 �g/ml
erythromycin, and 2% agar) and incubated at 30°C. Colonies appeared after 24
to 48 h. One of the erythromycin-resistant transformants, harboring the
pfKASIII expression plasmid pYD37, was designated YD037 and used in the
following studies.

Cloning and modification of the L. lactis fabH gene. The L. lactis fabH gene
(GenBank accession number NC_002662) was amplified from the genomic DNA
of L. lactis IL1403 by PCR by the use of the primers ll-FabH-s and ll-FabH-a
(Table 1). The resulting 978-bp DNA fragment and pMG36e were restricted with
SalI/PstI and purified by gel electrophoresis. Ligation reactions were trans-
formed into the fabH knockout strain CL112 as described above. The resulting
strain, L. lactis YD038, which carries the L. lactis fabH expression plasmid
pYD38, was used in the following studies.

Confirmation of the L. lactis transformants via PCR. The integrity of the
inactivated fabH gene in the constructed L. lactis strain YD037 was confirmed by
PCR and sequencing. PCR was performed on purified genomic DNA (Promega
Wizard kit, number A1120) with primers ll-FabH-s and ll-FabH-a (Table 1).
Sequenced PCR products demonstrated that the fabH gene lacks the 36 bp
deleted in the fabH knockout and that this genotype is stable in YD037. The
presence of insert in plasmids pYD37 and pYD38 in L. lactis strains YD037 and
YD038 was similarly confirmed by PCR and DNA sequencing. Plasmid DNA was
purified from both strains, and PCR was performed with primers pfKAS-36e-s2
and pfKAS-36e-a (for YD037) or ll-FabH-s and ll-FabH-a (for YD038). The

FIG. 1. The initiating step of de novo fatty acid biosynthesis is
mediated by �-ketoacyl-ACP synthase III (KASIII or FabH), which
selectively condenses acetyl-CoA and malonyl-ACP. Malonyl-ACP is
generated via malonyl-CoA:ACP transferase (MCAT or FabD [not
shown]). The product of pfKASIII is further elongated via the iterative
action of �-ketoacyl-ACP synthase II (KASII or FabF), �-ketoacyl-
ACP reductase (FabG), �-hydroxyacyl-ACP dehydratase (FabZ), and
enoyl-ACP reductase (FabI) activities.
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PCR products were sequenced to demonstrate that both strains contain the
expected plasmids.

RT-PCR analysis of L. lactis strains. Total mRNA was purified from log-phase
cultures of L. lactis IL1403 (wild type), CL112 (�fabH mutant), YD037
(pfKASIII-complemented strain), and YD038 (L. lactis FabH-complemented
strain) by using the RNeasy mini kit from Qiagen (catalog number 74104). cDNA
was generated from each mRNA preparation by using reverse transcriptase.
Reverse transcriptase PCR (RT-PCR) analysis was performed by the Molecular
Genetics Core at Vanderbilt University, using an ABI PRISM7700 sequence
detection system. Primers were designed based on the sequences of the codon-
optimized gene encoding pfKASIII (P. falciparum 3D7) and L. lactis FabH (L.
lactis IL1403). A housekeeping gene, pheS of L. lactis IL1403 (GenBank acces-
sion number NC_002662; encoding phenylalanine tRNA synthetase) (11), was
used as a reference, and the L. lactis fabH transcription level in IL1403 (com-
pared with that of pheS) was used as a calibrator. RT-PCR primers llKASRealF,
llKASRealR, pfKASRealF, pfKASrealR, llpheSRealF, and llpheSRealR are de-
scribed in Table 1. SYBR green was used to monitor DNA synthesis, and the
cycle points at which the fluorescence crossed the detection threshold (CT val-
ues) were measured. Three parallel experiments of each sample were performed,
and the data were analyzed using the comparative CT method of relative quan-
tification (13). The relative amount of target, normalized to an endogenous
reference and relative to a calibrator, is given by the following equation: expres-
sion fold value � 2���CT, where ��CT � �CTq � �CTcb, where q corresponds
to the target PCR product and cb is the calibrator product; �CT � CTX � CTR,
the difference in threshold cycles for target and reference.

Growth of L. lactis YD037 and YD038. Determination of the growth rates of
the L. lactis strains were performed as follows. Three microliters of glycerol stock

was inoculated into 3 ml of GM17 medium containing 0 or 5 �g/ml erythromycin
and/or 0 or 50 �g/ml sodium oleate. The seed cultures were incubated at 30°C for
20 h and then inoculated into 30 ml of fresh GM17 medium containing 0 or 50
�g/ml sodium oleate and 0 or 5 �g/ml erythromycin, resulting in final OD600

values ranging from 0.01 to 0.03. The cultures were incubated with shaking at
30°C, and 100-�l samples were withdrawn for measurements of OD600 every
hour. Relative growth curves were rendered based on these data.

Expression and purification of pfACP, pfMCAT, and pfKASIII. A truncated
form of pfACP (amino acids S57 to Q137, with the putative signal/transit peptide
removed) was subcloned from a previously described plasmid (pSTP1) (10).
After digestion with EcoRI and SalI, pfACP was ligated into the expression
vector, pMAL-cHT, which has been modified to allow for in vivo cleavage of the
MBP fusion partner from the recombinant protein, exposing a His6 tag (9). This
construct, pSPr022, was transformed into BL21 Star (DE3) cells (Invitrogen),
which already contained plasmids pRK586 (encoding tobacco etch virus [TEV]
protease [4]) and pRIL isolated from BL21-CodonPlus (DE3) cells (Stratagene).
Cell cultures were grown at 37°C to an OD600 of 0.6. The cultures were then
transferred to 20°C and induced with 0.4 mM isopropyl-�-D-thiogalactopyrano-
side (IPTG) for 10 h. Cells were harvested by centrifugation and stored at
�20°C. The frozen cell pellets were resuspended in lysis buffer (20 mM phos-
phate [pH 7.5], 200 mM NaCl, 1 mg/ml lysozyme, 2.5 �g/ml DNase I, and 1 mM
phenylmethylsulfonyl fluoride [PMSF]) and sonicated. The resulting lysate was
centrifuged to remove the insoluble fraction, and the supernatant was loaded
onto a 5-ml HisTrap FF chelating column (GE Healthcare). Protein bound to the
column was eluted using imidazole. Fractions containing pfACP (identified by
SDS-PAGE) were dialyzed against 20 mM phosphate (pH 7.5) and 10 mM
dithiothreitol (DTT) overnight at 4°C. pfACP was further purified using a 5-ml

TABLE 1. Bacteria strains, plasmids, and PCR primers

Strain, plasmid, or
primer Genotype, sequence, or properties Reference or

source

Strains
E. coli

TOP10 Used as a cloning strain; F� mcrA �(mrr-hsdRMS-mcrBC) 	80lacZ�M15
�lacX74 nupG recA1 araD139 �(ara-leu)7697 galE15 galK16 rpsL (Strr) endA1 
�

Invitrogen

BL21 Star(DE3) F�ompT hsdSB (rB
�mB

�) gal dcm rne131 (DE3) Invitrogen
L. lactis

IL1403 Wild type 5
CL112 IL1403 with a 36-bp in-frame L. lactis fabH deletion (�fabH) 5
YD037 CL112 carrying pYD37; Emr This study
YD038 CL112 carrying pYD38; Emr This study

Plasmids
pMAL-c2x Maltose-binding protein expression vector New England

Biolabs
pSTP1 pMAL-c2x with P. falciparum acp 10
pSTP4 pMAL-c2x with P. falciparum mcat 10
pMAL-cHT pMAL-c2x with encoding TEV cleavage site and histidine tag 9
pSTP5 pMAL-cHT with P. falciparum fabH 10
pSPr022 pMAL-cHT with P. falciparum acp This study
pMG36e pGKV432 promoter/pWV01 ori; Emr; expression vector in L. lactis 14
pYD37 pMG36e with P. falciparum fabH This study
pYD38 pMG36e with L. lactis fabH This study

Primers
pfACP-cHT-s 5�-GGTGGTGAATTCAGCTCTTTAAAAAGTACTTTTGATG-3� This study
pfACP-cHT-a 5�-GGTGGTGTCGACTTATTGCTTATTATTTTTTTCTATATAATC-3� This study
pfKAS-36e-s2 5�-ATGTCGACCTAATGATTAACTTTATAAGGAGGAAAAACATATGGGAGGCAAGA

TTATC-3�
This study

pfKAS-36e-a 5�-GAATTCAAGCTTTTAGTATTTTAAAATAACAC-3� This study
ll-FabH-s 5�-ATGTCGACCTAATGATTAACTTTATAAGGAGGAAAAACATATGACTTTTGCGAA

AATTACG-3�
This study

ll-FabH-a 5�-TTCCTGCAGTTATAAATTAATAATTGCTGTACC-3� This study
llKASRealF 5�-ACGGGTTCAAGCTCAAGT-3� This study
llKASRealR 5�-AATGACAAGCCCTCGTTG-3� This study
pfKASRealF 5�-TCTTATCGTAGGGTCTGATGC- 3� This study
pfKASRealR 5�-CGGCATCCCCAAATAGAA-3� This study
llpheSRealF 5�-CCCGAAAGCAAAACCAGA-3� This study
llpheSRealR 5�-GGAAAAGGCTGTAACGTCTG-3� This study
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HiTrap Q HP column (GE Healthcare) equilibrated with 20 mM phosphate (pH
6.5) and 10 mM DTT. Fractions containing pfACP were concentrated and stored
at �80°C. pfMCAT was purified as described by Prigge et al. (10), using the
truncated construct of pfMCAT encoding residues 104 to 408 (pSTP4). pfKASIII
was purified as described by Prigge et al. (10), using the truncated construct of
pfKASIII encoding residues 50 to 371 (pSTP5).

Total protein preparation. ACAT enzyme activity assays were conducted on
total protein preparations generated by ammonium sulfate precipitation of cell
extracts of IL1403 (wild type), CL112 (�fabH strain), and YD037 (comple-
mented with pfKASIII) as follows. Ten microliters of glycerol stocks of the
above-described strains was inoculated into 10 ml of GM17 medium (for CL112,
50 �g/ml sodium oleate was added) and cultured at 30°C for 20 h. The 10-ml seed
cultures were inoculated into 500 ml of fresh GM17 medium (for CL112, 50
�g/ml sodium oleate was added). The 500-ml cultures were shaken at 30°C, and
100-�l aliquots were removed every hour for OD600 measurements. Relative
growth curves were rendered, and cells were collected by centrifugation when the
growth curves reached the mid-logarithmic phase. All subsequent steps were
performed at 4°C unless otherwise noted. Cells were collected by centrifugation
(3,000 � g for 20 min) and washed with 20 ml of 20 mM Tris-HCl (pH 7.5) buffer.
Cells were resuspended in 10 ml of 20 mM Tris-HCl (pH 7.5) buffer with 0.2
mg/ml lysozyme, and protease inhibitor cocktail (Roche) was added according to
the manufacturer’s instructions. Cell suspensions were incubated at 37°C for 30
min for partial digestion of cell walls, and the cells were then disrupted by
sonication in an ice bath (Fisher sonicator F550; 20% amplitude, 5 s on, 5 s
pulsing, for 5 min). The cell-free extractions were obtained by centrifugation at
20,000 � g for 30 min. Cell extracts were precipitated with 75% saturated
ammonium sulfate at 0°C. The precipitated protein was collected by centrifuga-
tion at 20,000 � g for 30 min, and the protein pellets were used for acetyl-CoA:
ACP transacylase (ACAT) activity assays.

ACAT assay. The ACAT assay was performed in a 96-well plate format as
previously described by Lee et al. (6), with some minor modifications. Briefly, the
assay is a radioactive 96-well plate assay that measures pfKASIII activity by
detecting the transfer of the radiolabeled carbon in 14C-acetyl-CoA to the acyl
carrier protein (pfACP), forming 14C-acetyl-ACP. Greiner black nonbinding
plates were used for all reactions and Millipore MultiScreen HTS filter plates for
filtration washing of unincorporated radiolabel. Optimal concentrations of
pfKASIII enzyme (0.00314 mg/ml), 14C-acetyl-CoA (26 �M; 0.064 mCi/mMol
per reaction), and pfACP (10 �l per reaction) and the reaction incubation time
(20 min) were experimentally determined. To determine IL1403, CL112, and
YD037 lysate activities in comparison to the lysate activity of the purified
pfKASIII enzyme by using the ACAT assay, each lysate pellet was resuspended
in 100 �l of buffer and titrated over 11 wells in duplicate. One well was used to
determine the background cpm with no enzyme or lysate added.

The purified pfKASIII enzyme and three lysates (IL1403, CL112, and YD037)
were all tested with a background (no enzyme) and concentrations above and
below the 1� concentration of the enzyme or lysate. All reactions were per-
formed in duplicate. Two microliters of purified pfKASIII enzyme was added to
each well. When adding the enzyme or lysate in excess, we chose to add 3.5 �l
and 7 �l at the 1� concentration. In order to obtain the serial dilution of enzyme
and lysate, we used another plate to do a 2-fold serial dilution of the enzyme and
lysate and then transferred 2 �l of all concentrations to the assay plate.

Whole-cell lysate KAS assays using pfACP and pfMCAT. In order to test the
KAS activity of the L. lactis IL1403, CL112, and YD37 strains described above,
200 �l of culture (at an OD600 of 1) per reaction were centrifuged and stored at
�20°C. These cell pellets were resuspended in BugBuster (Novagen) and 1
mg/ml lysozyme and incubated for 10 min at room temperature. After this lysis
step, the whole-cell lysate was diluted with reaction buffer (100 mM morpho-
lineethanesulfonic acid [MES], 2 mM 2-mercaptoethanol) to a final volume of 10
�l per reaction, with a final concentration of 20% BugBuster. In order to test the
KAS activity of these lysates, an MCAT reaction mixture was incubated at room
temperature for 20 min (117.6 �M pfACP, 28.6 �M pfMCAT, and 1.5 mM
malonyl-CoA in 100 mM MES [pH 6.5] and 2 mM 2-mercaptoethanol). A
negative-control assay without pfACP was performed. After the MCAT incuba-
tion, 21.65 �M 1-14C-acetyl-CoA (specific activity of 60.4 mCi/mmol; Moravek
Biochemicals) was added to the MCAT reactions. Two microliters was added to
each whole-cell lysate reaction. For the complete KAS reaction, the final con-
centrations were 30 �M pfACP, 5 �M pfMCAT, 0.25 mM malonyl-CoA, and 3.6
�M 1-14C-acetyl-CoA. The control MCAT reaction mixture was identical to the
complete reaction mixture except that it lacked pfACP. The KAS reactions were
allowed to proceed at room temperature for 30 min. The reactions were
quenched by adding 20% trichloroacetic acid (TCA) and precipitating labeled
pfACP for 30 min at 4°C. The protein pellets were washed twice with 10% TCA,

resuspended in 100 �l 100 mM NaOH. Each sample was dissolved in scintillation
fluid, and 14C counts were obtained. The assay was performed in triplicate.

Fatty acid analysis. L. lactis strains IL1403, CL112 (�fabH), YD037, and
YD038 were streaked onto GM17 agar with or without sodium oleate (50 �g/ml)
to obtain single colonies, and these single colonies were used for fatty acid methyl
ester (FAME) analysis. The fatty acid analysis was performed by the Bacterial
Strain-Identification and Mutant Analysis Service (BSI-MAS) at Auburn Uni-
versity, AL. Single colonies were subjected to an extraction procedure which
involves disrupting the cell walls and membranes, methylating the fatty acids, and
extracting them with an organic solvent. This collection of FAMEs was then
analyzed on a fully automated gas chromatographic analytical system, and a
comprehensive analysis of the fatty acid composition was then obtained. Each set
of data was obtained from three independent experiments.

Isolation of fatty acids from bovine serum. Serum fatty acid extraction was
performed by the method of Yin et al. (20). Ten milliliters of bovine serum
(Gibco; catalog number 16170-078) was diluted with 10 ml of 0.9% NaCl and
extracted with 40 ml of chloroform-methanol (2/1 [vol/vol]). The organic layer
was separated and dried in vacuo. The residue was reconstituted in 1 ml meth-
anol, and 1 ml of 1 M aqueous potassium hydroxide was added to hydrolyze
phospholipids. The mixture was incubated at 37°C for 30 min, was acidified to pH
3 with 1 M HCl, and extracted with heptane. The organic layer was dried in
vacuum and dissolved in dimethyl sulfoxide (DMSO) to the desired concentra-
tion (2 to 20 mg/ml).

Antibiotic assays. Twenty microliters of glycerol stocks of strain YD037 was
mixed with 20 ml of GM17 broth and GM17 broth supplemented with either 60
�g/ml bovine serum fatty acid or 20 �g/ml sodium oleate. One-hundred-micro-
liter aliquots of cell dilutions were transferred into 96-well plates containing the
following concentration ranges of antibiotics: 0 to 20 �g/ml cerulenin, 0 to 0.8
�g/ml vancomycin, 0 to 38 �g/ml rifampin, and 0 to 80 �g/ml kanamycin. Plates
were incubated at 30°C for 16 h, and the absorption at 600 nm for each well was
measured to determine the percentage of growth inhibition.

RESULTS

Generation of P. falciparum fabH- and L. lactis fabH-com-
plemented strains. L. lactis CL112 (�fabH) was previously
generated from L. lactis IL1403, a genomically sequenced
strain, by a 36-bp in-frame deletion of the region encoding the
FabH active site (5). Notably, L. lactis CL112 requires supple-
mentation with long-chain unsaturated fatty acids (e.g., oleic
acid) for growth.

As the preferred codon usage of P. falciparum differs sub-
stantially from that of L. lactis, the pfKASIII-encoding gene
was chemically synthesized using L. lactis-preferred codons. A
972-bp DNA fragment encoding 323 amino acids lacking the
apicoplast targeting amino-terminal leader peptide was syn-
thesized based on the amino acid sequence of pfKASIII (19)
(GenBank accession number AF038929; protein identification
number AAC63960.1). The codon-optimized gene sequence
has been deposited into GenBank under accession number
GQ861515.

The L. lactis expression plasmid vector pMG36e was origi-
nally designed to clone a target gene as an in-frame fusion with
an uncharacterized L. lactis subsp. cremoris Wg2 chromosomal
gene, presumably for the purpose of enhancing overexpression
of heterologous genes. Correspondingly, the short multiple-
cloning-site-derived sequence in pMG36e is preceded by a
75-bp coding sequence (14). To express pfKASIII without the
fusion sequence, an in-frame stop codon followed by a ribo-
somal binding site (RBS) was appended to flanking regions of
the gene encoding pfKASIII via PCR. The modified 1-kb DNA
fragment was cloned into pMG36e and electroporated into the
L. lactis �fabH strain. Notably, the �fabH strain was remark-
ably intransigent to electroporation, requiring modified elec-
troporation methods and relatively high electroporation volt-
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ages (3.0 kV). We speculate that the high concentration of
fatty acids in the growth medium may interfere with electro-
poration. Transformants were selected and inoculated into
GM17 medium containing erythromycin. Transformants were
capable of growth without supplementation by oleate, while
transformants containing empty vector (pMG36e) were not,
suggesting that pfKASIII functionally complemented the L.
lactis �fabH strain. A strain containing the native fabH gene
was also constructed from CL112. The recovered L. lactis fabH
strain, designated YD038, was also capable of growth in GM17
medium not supplemented with fatty acid.

As these pMG36e-derived vectors were not present in suf-
ficient copy numbers to detect by analytical gel electrophoresis,
the presence of the gene encoding pfKASIII or L. lactis FabH
was confirmed by amplifying and sequencing these genes from
the aforementioned transformants. The sequenced PCR prod-
ucts confirmed the presence of plasmid and insert in these
strains. Genomic DNA was separately purified from the
pfKASIII strain YD037, and PCR confirmed that the 36-bp
deletion was intact in the genomic copy of disrupted fabH.

Growth of YD037 and YD038. The competence of the chi-
meric strains was evaluated on GM17 agar with or without
bovine serum fatty acid supplementation (Fig. 2a). A similar
pattern was observed for supplementation with pure oleate.
The recombinant strains grew at rates and confluent densities
similar to those of the wild-type strain IL1403 in the absence of
exogenous fatty acids, whereas CL112 (�fabH) was capable
of growing only with added fatty acids. Corresponding
growth curves in liquid cultures (Fig. 2b) confirm this phe-

notype. Without fatty acid supplementation, the growth rate
of pfKASIII-complemented strains was not distinguishable
from that of L. lactis FabH-complemented strains but was
somewhat lower than that of wild-type strain IL1403. With
fatty acid supplementation, strains expressing pfKASIII grew
at rates comparable to those of wild-type strain IL1403, which
was higher than the supplemented �fabH strain (data not
shown).

RT-PCR of the L. lactis strains. To evaluate the efficiency of
transcription in strains expressing pfKASIII and L. lactis fabH,
relative transcription levels of the encoding genes were deter-
mined by a quantitative RT-PCR. L. lactis fabH was tran-
scribed in all four strains, but since the �fabH strain and the
pfKASIII-complemented strain contain the 36-bp-deleted L.
lactis fabH gene, the melting temperature of the amplified
products in these strains was measurably lower (82.5°C) than
that of the wild-type gene (84.5°C). In YD038 (�fabH:L. lactis
fabH), the 36-bp-deleted products were suppressed by the
presence of the highly transcribed wild-type gene. The relative
transcription levels of the inactivated fabH in the �fabH strain
and the pfKASIII-complemented strain were comparable, at
2.5 and 1.3 times the wild-type fabH expression, respectively.
Conversely, the relative transcription level of the complete fabH
in the recovered wild-type strain was substantially higher, up to
661.7-fold, indicating that the promoter in vector pMG36e is
highly efficient in L. lactis CL112. As expected, no mRNA of
pfKASIII was detected in IL1403, CL112, or YD038. However, in

FIG. 3. Top panel, pathways for acetyl and malonyl metabolites in
the context of pfKASIII; bottom panel, KAS activity (black) and
ACAT activity (gray) of the L. lactis strains IL1403 (wild type), CL112
(�fabH), and YD037 (�fabH strain complemented by pfKASIII). Re-
sidual activity in the �fabH strain is consistent with previously mea-
sured data in L. lactis.

FIG. 2. (a) Growth of L. lactis strains with or without bovine serum
fatty acid on GM17 agar. Left, with 60 �g/ml bovine serum fatty acid;
right, without fatty acid. I, CL112 (�fabH); II, IL1403 (wild type); III,
YD037 (�fabH:pffabH); IV, YD038 (�fabH:L. lactis fabH). The pheno-
type is identical for oleate-supplemented samples. (b) Growth trends of L.
lactis strains. CL112 is the �fabH strain; IL1403 is the wild type. GM17 is
the L. lactis growth medium containing oleate (O) and/or erythromycin
(E). IL1403 in GM17 (dotted line); YD038 in GM17E (gray dashed
line); YD037 in GM17E (gray solid line); CL112 in GM17O (black
dashed line); CL112 in GM17 (black solid line).
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strain YD037, the gene encoding pfKASIII was transcribed 760-
fold higher than was fabH in IL1403.

KASIII enzyme assays. P. falciparum KASIII has two re-
ported enzymatic activities: KAS and ACAT activities (10, 19).
KAS activities of IL1403 (wild type), CL112 (�fabH mutant),
and YD037 (pfKASIII-complemented strain) were measured
in whole-cell lysates. Lysates generated by chemical disruption
were incubated with a mixture of pfACP, pfMCAT, malonyl-
CoA, and 1-14C-acetyl-CoA. As shown in Fig. 3, substantial
KAS activity was detected in the whole-cell lysates of wild-type
and pfKASIII-complemented strains but not detected in the
parent �fabH strain. Negative-control reactions for KAS ac-
tivity assays without pfACP displayed background levels of
radioactivity (200 to 400 cpm).

Measured ACAT activity of the reversible transfer of an
acetyl group from acetyl-CoA to ACP to produce acetyl-
ACP is reportedly �0.15% that of KAS activity. ACAT
activity is monitored by incubating 1-14C-acetyl-CoA with

ACP in the presence of pfKASIII and detecting the forma-
tion of [1-14C]acetyl-ACP by acid precipitation of ACP (6, 8).
Extracts of strains were generated from resuspended total pro-
tein cell extracts and assayed for ACAT activity by using stan-
dard protocols. The resulting trends are shown in Fig. 4. ACAT
activity was detectable in the pfKASIII-complemented strain
extracts at significantly higher levels than that of the �fabH
strain but at lower levels than that of the wild type.

Fatty acid analysis. To ascertain the effects, if any, of pfKASIII
substitution on bacterial membrane lipid composition, strains
were cultivated on GM17 agar with or without oleate supple-
mentation and analyzed by FAME analysis. As shown in Fig. 4,
the lipid extracts of the pfKASIII-complemented strain mem-
branes have clustered fatty acid profiles similar to those of L.
lactis fabH complemented and wild-type strains. Only minor
differences in composition were apparent (data not shown). All
strains produced very low levels of branched-chain fatty acids,
and YD037 produces somewhat smaller amounts of C14 fatty
acids (�10% versus �20%) and slightly more long-chain fatty
acids, such as C18 (�18% versus �11%) and C19:CYCLO

(�27% versus �24%), than do YD038 and IL1403. An un-
known peak (retention time of 18.85 min) that existed only in
oleate-supplemented cultures may be a fatty acid derived from
oleate. Unsurprisingly, the �fabH strain produced a substan-
tially different fatty acid profile, which contains an extremely
high ratio of unsaturated fatty acid, especially C18:1. Most of
this additional unsaturated fatty acid is probably oleate itself
(C18:1 cis 9) which has been added to the medium for growth.
These data demonstrate that pfKASIII fully restores fatty acid
biosynthesis in L. lactis with minimal effects on overall lipid
biosynthesis and composition. These data also suggest that
membrane integrity of chimeric strains should be comparable
to that of the wild type.

FIG. 4. Fatty acid analysis of L. lactis strains grown on GM17
agar with and without oleate in wild-type (WT; IL1403), �fabH:
pffabH (YD037), and �fabH:fabH (YD038) strains. Top panel, fatty
acid groupings, from bottom to top as follows: black, straight-chain
fatty acids; white, all saturated fatty acids; light gray, unsaturated fatty
acids; medium-dark gray, unknown fatty acids; dark gray, cyclic fatty
acids. Bottom panel, fatty acid groupings, from bottom to top as
follows: black, straight-chain fatty acids; white, all saturated fatty acids;
light gray, unsaturated fatty acids; dark gray, cyclic fatty acids.

FIG. 5. Inhibitor concentration response in the absence (dashed
line) and presence (solid line) of added fatty acids. From top to
bottom: cerulenin, vancomycin, rifampin, kanamycin.
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Antibiotic assays. To determine whether the pfKASIII-com-
plemented strain could be used as a prescreen for pfKASIII
inhibitors, YD037 was grown in a 96-well plate format in me-
dium with or without fatty acid supplementation with a dilution
series of various known antibiotics. As shown in Fig. 5, growth
inhibition of YD037 by vancomycin (targeting cell wall biosynthe-
sis), rifampin (targeting RNA polymerase), and kanamycin (ribo-
somal targeting) was not reversed by added fatty acids. Cerulenin,
an antibiotic targeting FAS II enzymes FabF and FabB, demon-
strated potent cytotoxicity against YD037. However, added bo-
vine-serum-derived fatty acids or oleic acid completely reversed
all cerulenin-associated toxicity (data not shown).

DISCUSSION

Our first attempt at generating a pfKASIII-dependent bac-
terium involved generating the E. coli fabH knockout strain in
the presence of a vector capable of expressing pfKASIII as a
maltose binding protein (MBP) with a tobacco etch virus pro-
tease linker (4). In this system, the fusion protein is not cata-
lytically competent whereas cleaved pfKASIII is active with E.
coli ACP. Correspondingly, we observed that the E. coli �fabH:
fabHpfKASIII-MBP strain was able to grow in medium lacking
fatty acids when clones were transformed with a second vector
containing TEV protease (Y. Du and B. Bachmann, unpub-
lished data). Unfortunately, we also observed a high frequency
of bypass formation in the knockout strains, which obfuscated
characterization of pfKASIII in E. coli. Notably, a similar phe-
nomenon of E. coli �fabH bypass mutation propensity was
observed by Cronan and coworkers (personal communication),
who have subsequently generated a stable fabH knockout in L.
lactis (5). Correspondingly, we endeavored to use this strain as
a host for expressing codon-optimized pfKASIII.

The plasmodial homolog of bacterial FabH, pfKASIII, pos-
sesses 36% amino acid identity with L. lactis FabH, and its
cognate acyl carrier protein, pfACP, has only 32% identity with
L. lactis ACP. Despite this moderately low homology, our data
demonstrate that pfKASIII, expressed without the leader pep-
tide, can functionally replace the bacterial FabH. The pheno-
type of permissive growth in fatty-acid-deficient medium is
correlated to expression of pfKASIII by RT-PCR and bio-
chemical activity through assay of KAS and ACAT activity in
cell extracts. Together, these data suggest that L. lactis is func-
tionally complemented by the P. falciparum FAS pathway ini-
tiating enzyme pfKASIII and that this enzyme can interact
productively with the L. lactis ACP.

The growth properties of the L. lactis �fabH strains comple-
mented with L. lactis fabH and the gene encoding pfKASIII
are virtually indistinguishable. Both strains grow at comparable
rates and possess highly similar fatty acid membrane profiles
when grown in the absence of exogenously added fatty acids.
Little or no variation in branched chain fatty acids was ob-
served, suggesting, along with biochemical assay results, that
pfKASIII and L. lactis FabH primarily accept acetyl-CoA as
an initiating unit. This is in contrast to other Gram-positive
KASIII enzymes, which have demonstrated a markedly in-
creased flexibility for branched-chain starter units (7).

Bacterial models have previously been developed as bioassay
strains for the discovery of novel FAS II-targeting inhibitors.
Notably, an antisense differential sensitivity strategy has been

developed for S. aureus in which antisense attenuation of bac-
terial fabF generated a strain hypersensitive to FAS II inhibi-
tors (21). Potential FAS II-targeting agents were deconvoluted
from off-target antibacterial compounds by replica testing with
relatively insensitive (non-antisense-expressing) parent strain,
and hits were confirmed by secondary in vitro biochemical
assays. This two-stage method was subsequently used in a
large-scale campaign for discovery of new natural product in-
hibitors of FAS II pathway biosynthetic enzymes, culminating
in the discovery of several new FabB/H-targeting agents, in-
cluding platensimycin and platencin (17, 18).

While the ultimate utility of FAS II-targeting agents as an-
tibacterial agents remains somewhat controversial (1), the ob-
servation that FAS II deletions in P. yoelii are unable to tran-
sition from the liver to blood stage infection suggests that FAS
II inhibitors may be useful for malaria prophylaxis. Corre-
spondingly, we propose that, based on the biochemical and
phenotypic data described herein, growth of L. lactis �fabH
strains complemented with the gene encoding pfKASIII could
be used as a component of a pfKASIII high-throughput
screening assay system. In this two-stage process, a two-
plate assay of YD037 antibacterial activity, with and without
fatty acid complementation, can uncover potential FAS II-
targeting compounds. In the second stage, the subset of
pfKASIII-inhibiting compounds can be identified within hits by
in vitro biochemical KAS assay, as we have described in this
work. The advantage of this approach would be that it gener-
ates a target-based phenotypic screen for use as a primary
assay.

This study comprises a new example of the successful
complementation of an essential gene in a bacterium with a
functionally equivalent gene from P. falciparum. To the best of
our knowledge the only other previous example is that of P.
falciparum ACP complementing an E. coli acpP knockout (2),
a result that helped form the precedent for the present work.
Moreover, attempts at bacterial KASIII interspecies comple-
mentation have historically proven to be challenging. For in-
stance, the Gram-positive bacterium Streptomyces coelicolor
was complemented with the E. coli homolog (�fabH:ecfabH).
In contrast to this study, the resulting chimeras were slow
growing and displayed substantial changes in membrane fatty
acid composition (7).

Future studies will evaluate the ability of YD037 to serve as
a proxy strain for the discovery pfKASIII-targeting antibiotics.
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