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Enoyl-Acyl Carrier Protein Reductase I (Fabl) Is Essential for the
Intracellular Growth of Listeria monocytogenes

Jiangwei Yao, Megan E. Ericson, Matthew W. Frank, Charles O. Rock

Department of Infectious Diseases, St. Jude Children’s Research Hospital, Memphis, Tennessee, USA

Enoyl-acyl carrier protein reductase catalyzes the last step in each elongation cycle of type II bacterial fatty acid synthesis and is a
key regulatory protein in bacterial fatty acid synthesis. Genes of the facultative intracellular pathogen Listeria monocytogenes
encode two functional enoyl-acyl carrier protein isoforms based on their ability to complement the temperature-sensitive
growth phenotype of Escherichia coli strain JP1111 [fabI(Ts)]. The Fabl isoform was inactivated by the FablI selective inhibitor
AFN-1252, but the FabK isoform was not affected by the drug, as expected. Inhibition of FabI by AFN-1252 decreased endoge-
nous fatty acid synthesis by 80% and lowered the growth rate of L. monocytogenes in laboratory medium. Robust exogenous
fatty acid incorporation was not detected in L. monocytogenes unless the pathway was partially inactivated by AFN-1252 treat-
ment. However, supplementation with exogenous fatty acids did not restore normal growth in the presence of AFN-1252. Fabl
inactivation prevented the intracellular growth of L. nonocytogenes, showing that neither FabK nor the incorporation of host
cellular fatty acids was sufficient to support the intracellular growth of L. monocytogenes. Our results show that Fabl is the pri-
mary enoyl-acyl carrier protein reductase of type II bacterial fatty acid synthesis and is essential for the intracellular growth of L.

monocytogenes.

Listeria monocytogenes is a facultative intracellular Gram-posi-
tive bacterium that is the primary cause of the disease listeriosis
(1). The environmentally hardy and ubiquitous L. monocytogenes
is ingested through contaminated food products and can cause
noninvasive diseases, such as gastroenteritis, or invade through
the intestinal epithelium to cause central nervous system infec-
tions or bacteremia. L. monocytogenes poses a major medical
threat for pregnant women and immunocompromised patients.
Yearly outbreaks of L. monocytogenes in a variety of food products
from fruits to ice cream underscore the need to understand the
requirements for L. monocytogenes infection and discover new
methods to inhibit the growth of L. monocytogenes.

The phospholipids of L. monocytogenes are composed of
branched-chain fatty acids synthesized by the L. monocytogenes type
II fatty acid synthesis system. Decreasing the synthesis of branched-
chain fatty acids by the genetic deletion of the branched-chain a-keto
acid dehydrogenase compromises the environmental survival and
intracellular pathogenesis of L. monocytogenes (2—6). The path-
ways for fatty acid synthesis, phospholipid synthesis, and exoge-
nous fatty acid incorporation of L. monocytogenes are predicted to
be the same as those for the phylogenetically related and well-
characterized Staphylococcus aureus system (Fig. 1). Fatty acids are
synthesized using a prototypical type II bacterial fatty acid synthe-
sis, with 2-methylbutyryl-coenzyme A (CoA) as the primer, to
make branch-chain fatty acids (3, 5, 7-9). An acyl-acyl carrier
protein (ACP) of the appropriate length is used as the acyl donor
by the PIsX/Y/C system to make phosphatidic acid from glycerol-
3-phosphate (10, 11). Exogenous fatty acids are incorporated via
the fatty acid kinase system (12-14). An unusual feature of L.
monocytogenes fatty acid synthesis is the presence of four genes
that may encode enoyl-acyl carrier protein reductases, including a
Fabl, a FabL, and two FabK isoforms, rather than the single Fabl
found in S. aureus and a variety of other bacterial pathogens. The
FabL isoform was discovered in the phylogenetically related Bacil-
Tus, which also has a Fabl (15). Both proteins function in fatty acid
synthesis in Bacillus. The FabK isoform is a flavoprotein unrelated
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to Fabl that was originally discovered in Streptococcus pneumoniae
(16). The Enterococcus faecalis genome encodes both Fabl and
FabK, but Fabl is responsible for the bulk of fatty acid synthesis
while FabK plays a minor role in supporting fatty acid synthesis
(17).

The goal of this study was to identify which of the putative L.
monocytogenes reductase genes code for functional enoyl-acyl car-
rier protein reductases, assess their contribution to supporting
type II bacterial fatty acid synthesis, and determine their role in
planktonic and intracellular growth. Complete inhibition of Fabl
using the Fabl selective inhibitor AFN-1252 reduced the fatty acid
synthesis of L. monocytogenes strain 10403S by 80% and reduced
the growth rate of L. monocytogenes in laboratory medium. In
contrast, Fabl inactivation through AFN-1252 stopped the intra-
cellular growth of L. monocytogenes. These results establish that
Fabl is the major enoyl acyl carrier protein reductase of type II
fatty acid synthesis and that FabI-dependent type II fatty acid syn-
thesis is essential for the intracellular growth of L. monocytogenes
and validates Fabl as an effective drug target against intracellular
L. monocytogenes.

MATERIALS AND METHODS
Materials. Chemicals were from Fisher Scientific or Sigma-Aldrich. Bac-

terial medium supplies were from BD Medical Technology, while human
cell culture supplies were from Life Technologies. Radioactive chemicals
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FIG 1 Fatty acid synthesis, phospholipid synthesis, and exogenous fatty acid incorporation system of L. monocytogenes. The locus tags for the genes in L.
monocytogenes strain EGD-e are annotated below the enzyme symbols. The L. monocytogenes genome encodes the same basic type II bacterial fatty acid synthesis,
acyltransferase, and exogenous fatty acid incorporation system as the characterized S. aureus system. The unique aspect of L. monocytogenes is that the L.
monocytogenes genome has four putative enoyl-acyl carrier protein reductase genes of three different isoforms. The gene LMO0970 is predicted to encode the Fabl

isoform (53% identity; E value of 1e =%

versus Fabl from S. aureus). The gene LMO1688 is predicted to encode the FabL isoform (69% identity; E value of le™

120

versus FabL from B. subtilis). The gene LMO0814 is predicted to encode the FabK isoform (50% identity; E value of 1e~'*° versus FabK from S. pneumoniae). The

gene LMO2170 is also predicted to encode the FabK isoform (51% identity; E value of 7e~*°

were from American Radiolabeled Chemicals, and [7,7,8,8-D4]palmitic
acid (D4-16:0) was from Cambridge Isotope Laboratories.

Bacterial growth. L. monocytogenes strain 10403S was grown in brain
heart infusion medium for routine growth and maintenance. L. monocy-
togenes was grown in tryptic soy broth for growth inhibition, pathway
labeling, and exogenous fatty acid supplementation experiments because
tryptic soy broth lacked the exogenous fatty acids in brain heart infusion
medium. L. monocytogenes was grown at 37°C with shaking at 200 rpm
unless otherwise indicated.

Molecular biology. The predicted L. monocytogenes Fabl (LmFabl;
LMO00970), LmFabL (LMO1688), LmFabK1 (LMO0814), and LmFabK2
(LMO2170) proteins were optimized for expression in Escherichia coli
through GeneArt gene synthesis technology (Life Technologies). An Ndel
restriction site was engineered at the 5" end of the gene with the start
codon in the Ndel restriction site, while a stop codon and an EcoRI re-
striction site were engineered at the 3" end of the gene. The genes were
cloned into the plasmid pPJ131. The pPJ131 plasmid is a pBluescript
plasmid (Stratagene) containing the multiple-cloning site from pPET28a
for protein expression in E. coli (18, 19). The resulting expressed protein
has an N-terminal histidine tag from the pET28a multiple-cloning site.
The polyhistidine tag allows for the detection and purification of the ex-
pressed protein. Although tags sometimes affect protein function, there
are no examples of histidine tags interfering with FabI or FabK activity.
The protein encoded by the plasmid is constitutively expressed because
the pPJ131 plasmid is a high-copy-number plasmid, and the endogenous
lacl is titrated by copy number.

Complementation. The expression constructs containing the four
putative L. monocytogenes enoyl-acyl carrier protein reductases
(LMO0814, LMO0970, LMO1688, and LMO2170) were transformed into
the fabl temperature-sensitive E. coli strain JP1111 [fabI(Ts)] to deter-
mine complementation. The pPJ131 parent plasmid was used as a nega-
tive complementation control, and the pPJ131 plasmid expressing Fabl
from S. aureus was used as the positive control (20). Strain JP1111 is able
to grow at 30°C but was nonviable at 42°C without Fabl complementa-
tion.

Western blotting. JP1111 cells harboring plasmids containing
LMO0814, LM00970, LMO1688, and LMO2170 were grown at 30°C in
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versus FabK from S. pneumoniae).

lysogeny broth to an Ay, of 1. The cells were washed twice with phos-
phate-buffered saline and harvested via centrifugation. The cells were re-
suspended in B-PER bacterial protein extraction reagent (1 ml per 25-ml
culture; Thermo Scientific) and shaken for 30 min to lyse the cells. The
resulting mixture was centrifuged at 20,000 X g to separate the superna-
tant from the cellular debris. Equal volumes of the supernatant from each
expression strain were electrophoresed on a NuPAGE Novex 10% Bis-
Tris protein gel (Life Technologies), and protein expression was visualized
via Western blot analysis using a primary rabbit polyclonal IgG His-probe
antibody (Santa Cruz Biotechnology) (21) and a secondary goat alkaline
phosphatase-linked anti-rabbit IgG antibody (Sigma-Aldrich) (20). The
blot was visualized using ECF substrate (GE Healthcare) on a Typhoon
FLA 9500 imager in the fluorescence detection mode.

Susceptibility of L. monocytogenes enoyl-acyl carrier protein reduc-
tase to AFN-1252. The L. monocytogenes enoyl-acyl carrier protein reduc-
tase genes that complemented the growth of JP1111 were transformed
into E. coli strain ANS1 (At0lC), an efflux pump-deficient E. coli strain
with increased susceptibility to AFN-1252 (20). The AFN-1252 MIC
against ANS1 expressing the parent pPJ131 plasmid, the pPJ131 plasmid
expressing the S. aureus fabl gene, and the pPJ131 plasmid expressing the
functional L. monocytogenes enoyl-acyl carrier protein reductase genes
was determined to evaluate the susceptibility of the L. monocytogenes
enoyl-acyl carrier protein reductases to AFN-1252.

Growth experiments. L. monocytogenes was cultured overnight in
tryptic soy broth medium. The overnight culture was back diluted to an
Ao 0f0.02 in tryptic soy broth medium, and the A, was monitored over
5 h for AFN-1252 in growth rate experiments. The overnight culture was
back diluted to an A, of 0.02 in tryptic soy broth medium with 0.1%
Brij-58 in fatty acid growth complementation experiments. Fatty acids are
known to have inhibitory effects on the growth of L. monocytogenes (22),
but delivering fatty acids in the detergent Brij-58 (0.1%) overcomes the
inhibitory effects (23, 24). The culture was grown until an A, of ~0.05
and split into six 14-ml aliquots: dimethyl sulfoxide (DMSO) only added,
DMSO with 100 wM D4-16:0 and 100 wM 18:1, DMSO with 100 pM
anteiso-15:0 and 100 wM anteiso-17:0, 50 uM AFN-1252, 50 wM AFN-
1252 with 100 wM D4-16:0 and 100 M 18:1, and 50 uM AFN-1252 with
100 wM anteiso-15:0 and 100 wM anteiso-17:0. Growth was monitored
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over 5 h or until the A, becomes greater than 1.5. After 5h or an A, of
>1.5 was reached, 2.5 ml of the culture was harvested, washed with phos-
phate-buffered saline, extracted for lipids via the Bligh and Dyer method
(25), and analyzed via molecular species analysis to determine the phos-
pholipid species (24, 26). Growth curves and molecular species analysis
experiments were conducted on two independent biological replicates,
and representative curves and spectra are shown in the figures.

Acetate labeling experiments. L. monocytogenes was cultured over-
night in tryptic soy broth medium. The overnight culture was back diluted
to an Agy, of 0.1 in tryptic soy broth medium and grown to an Ay, of 0.4.
The culture was split into 5-ml aliquots, and the aliquots were incubated
with a final concentration of 0, 0.04, 0.15, 0.6, 2.5, 10, and 50 uM AFN-
1252 for 15 min. ['*Clacetate (5 pCi) was added to each aliquot and
incubated for 45 min. The cells were pelleted via centrifugation and
washed twice with phosphate-buffered saline, and the lipids were isolated
(25). The amount of [**CJacetate incorporated into the phospholipids
was measured via liquid scintillation counting (Tri-Carb 2910 TR;
PerkinElmer Life Sciences). Data were plotted as the fraction of incorpo-
ration compared to that of the untreated cells and fitted via a 50% inhib-
itory concentration (IC5,) equation with partial inhibition in GraphPad
Prism 5.

Pathway labeling experiments. L. monocytogenes was cultured over-
night in tryptic soy broth medium. The overnight culture was back diluted
to an Agy, of 0.1 in tryptic soy broth medium and grown to an Ay, of 0.4.
The culture was split into 10-ml aliquots, and the aliquots were incubated
with a final concentration of 0.5% DMSO or 50 uM AFN-1252 for 15 min.
The aliquots then were labeled for 45 min with 10 p.Ci of an *H-labeled
L-amino acid mixture, [*H]thymidine, or [*H]uracil to measure protein,
DNA, and RNA synthesis, respectively. The cells were harvested via filtra-
tion and washed with 3 ml of phosphate-buffered saline 3 times. The
filters were incubated with the liquid scintillation solution for 2 h, and the
radioactive incorporation into the cells was measured via liquid scintilla-
tion counting of the filter. Data are plotted as fractional incorporation
relative to the untreated cells normalized to the final Ay, of the cultures.
Plotted data were derived from two biological replicates. The statistical
significance of whether each pathway was inhibited by AFN-1252 was
determined using Student’s t test.

Intracellular infection. L. monocytogenes strain 10403S was used to
infected HeLa cells as previously described (27). Briefly, L. monocytogenes
was grown overnight in brain heart infusion medium at 37°C with shaking
at 200 rpm. The culture was back diluted to an A, of 0.25 in brain heart
infusion medium and grown for 1 h. L. monocytogenes was washed with
phosphate-buffered saline and resuspended in DMEM (Dulbecco’s mod-
ified Eagle medium with 10% fetal bovine serum) at the appropriate con-
centration such that 2 ml of medium per well gave the desired multiplicity
of infection (MOI). HeLa cell monolayers grown to 80% confluence in
6-well plates (ca. 1 X 10° HeLa cells per well) were washed twice with
Hanks’ balanced salt solution (HBSS). L. monocytogenes resuspended in
DMEM was added to the HeLa cells. The plates were centrifuged at 900 X
g for 15 min at room temperature and then incubated for 105 min at 37°C
in 5% CO,. Cells next were washed 2 times with HBSS and incubated in 2
ml of DMEM and 40 pg/liter gentamicin for 60 min. The cells were
washed 2 more times with HBSS and incubated in DMEM and 40 pg/liter
gentamicin (and DMSO or AFN-1252 where appropriate) at 37°C in 5%
CO, until ready for use. For microscopy experiments, glass coverslips
were placed at the bottom of the well, and the HeLa cells were seeded onto
the coverslips. All other infection and growth procedures remained the
same. Growth curve and mass spectrometry experiments were con-
ducted at an MOI of 1, while microscopy experiments were conducted
at an MOT of 15.

The number of L. monocytogenes organisms per well was determined
by lysing the HeLa cells and observing the number of CFU of L. monocy-
togenes. Briefly, the infected HeLa cells were washed with HBSS twice and
resuspended in HBSS. The cells were resuspended via cell scraping, col-
lected into microcentrifuge tubes, and resuspended in 0.1% Triton X-100
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on ice. The solution was alternately vortexed thoroughly and incubated
on ice for 20 min to lyse the HeLa cells to free the intracellular L. mono-
cytogenes. The solution was serially diluted in brain heart infusion me-
dium and plated on brain heart infusion medium agar plates to determine
the CFU per well. For intracellular growth curve experiments, the infected
HeLa cells were lysed immediately after infection (0 h), 3.5 h after infec-
tion, 20 h after infection, and 44 h after infection. The cells were collected
via scraping and then washed twice with phosphate-buffered saline before
lipid extraction and analysis for mass spectrometry experiments.

Molecular species analysis. Phospholipid molecular species finger-
prints were determined using direct infusion electrospray ionization-
mass spectrometry technology. Mass spectrometry analysis was per-
formed using a QTrap 4500 (Sciex, Framingham, MA) equipped with a
Turbo V ion source. Lipid extracts were resuspended in 50:50 (vol/vol)
chloroform-methanol plus 1% formic acid. The instrument was operated
in the negative ion mode for phosphatidylglycerol (PG), phosphatidylino-
sitol (PI), and fatty acid scan analysis. The ion source parameters were the
following: ion spray voltage, —4,500 V; curtain gas, 15 Ib/in?; tempera-
ture, 270°C; collision gas, medium; ion source gas 1, 15 Ib/in?; and ion
source gas 2, 25 Ib/in®. Parameters for PG analysis were the following: scan
range, 600 to 900 m/z; declustering potential, —30 V; collision energy,
—45V; peak width, Q1 and Q3 0.7 FWHM (full width at half maximum).
For PI and 15:0 fatty acid analysis, lipid classes were separated using a
Discovery DSC-NH2 solid-phase extraction column (Supelco, Bellefonte,
PA). In brief, the column was conditioned with 8 ml of hexane and lipid
extract was added. Nonpolar lipids were eluted with 6 ml of 2:1 (vol/vol)
chloroform-isopropyl alcohol, fatty acids were eluted with 6 ml of ether
plus 2% acetic acid, phosphatidylcholine and phosphatidylethanolamine
were eluted with 6 ml of methanol, and phosphatidylglycerol and phos-
phatidylinositol were eluted with 6 ml of chloroform—methanol-0.8 M
sodium acetate (60:30:4.5, vol/vol/vol). PI and 15:0 fatty acid parameters
were the following: precursor ion, 241 m/z; scan range, 600 to 1,000 m/z;
declustering potential, —35 V; collision energy, —40 V; peak width, Q1
and Q30.7 FWHM.

Microscopy. The DMSO- or AFN-1252-treated infected HeLa cells
were visualized via immunofluorescence microscopy. Glass coverslips in
the 6-well plates were washed twice with phosphate-buffered saline and
then fixed with 4% formaldehyde and 2% goat serum in phosphate-buff-
ered saline. Hydration chambers were constructed from 150-mm petri
dishes. Coverslips were washed with phosphate-buffered saline five times
and placed in hydration chambers. Cells were permeabilized with 300 .l
0f 0.1% NP-40, 2% goat serum in phosphate-buffered saline for 10 min at
room temperature and washed with phosphate-buffered saline five times.
The samples were then blocked with 10% goat serum in phosphate-buff-
ered saline for 30 min at room temperature. The blocking solution was
aspirated and the samples were incubated with the primary rabbit anti-
Listeria antibody (1:1,000 dilution of stock AB35132 from AbCam [28,
29]) in 2% goat serum, 0.1% NP-40, and phosphate-buffered saline for 1
h at room temperature. The sample was washed 5 times with phosphate-
buffered saline and then incubated with anti-rabbit antibody conjugated
to Alexa Fluor-488 (1:1,000 dilution of stock from Thermo Fisher) in 2%
goat serum, 0.1% NP-40, and phosphate-buffered saline for 1 h at room
temperature in the dark. In experiments with 4’,6-diamidino-2-phenylin-
dole (DAPI), 1 g/ml of dye was added with secondary antibody. Samples
were washed five times with phosphate-buffered saline. In experiments
with Alexa Fluor 594-conjugated phalloidin (Thermo Fisher), 200 pl of
100 nM phalloidin was added and incubated in the dark at room temper-
ature for 15 min, and then samples were washed five times with phos-
phate-buffered saline. Samples were mounted in FluorSave (Calbi-
ochem), dried overnight, and sealed with nail polish. High-resolution
images looking at the intracellular shape of the bacteria were taken using
a Zeiss LSM 780 microscope and Zeiss Zen software. Other images were
taken using an Olympus BX41 using SPOT imaging software. The number
of Listeria monocytogenes cells per HeLa nuclei from 3 representative fields
containing at least 100 HeLa nuclei was determined for AFN-1252- and
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DMSO-treated Listeria monocytogenes-infected HeLa cells. The statistical
significance between the two treatment groups was determined using Stu-
dent’s ¢ test.

RESULTS

The genome of L. monocytogenes encodes two enoyl-acyl carrier
protein reductase isoforms. Enoyl-acyl carrier protein reductase
catalyzes the reduction of trans-2-enoyl-ACP to acyl-ACP using
the reducing potential of NAD(P)H in the last, rate-determining
reaction of the elongation cycle (30, 31). Several isoforms of
enoyl-acyl carrier protein reductase are known in bacteria. Fabl is
the first discovered isoform and is a member of the short-chain
dehydrogenase/reductase protein family (32). The FabL isoform
also belongs to the short-chain dehydrogenase/reductase protein
family but is structurally divergent from Fabl (15). FabL was dis-
covered in Bacillus, which also expresses Fabl. The FabK isoform is
a flavoprotein unrelated to Fabl and FabL. It was originally dis-
covered in S. pneumoniae (16) and is found predominantly in
other Gram-positive bacteria. The FabV isoform is found only in
select Gram-negative bacteria (33, 34).

Fabl from S. aureus, FabL from Bacillus subtilis, FabK from S.
pneumoniae, and FabV from Vibrio cholerae were used to search
the L. monocytogenes genome for related proteins. The L. monocy-
togenes genome encoded four enoyl-acyl carrier protein reductase
gene homologues (Fig. 1 and NCBI Microbial Genome Re-
sources). The LMO0970 gene encodes a putative Fabl, the
LMO1688 gene encodes a putative FabL, and the LMO0814 and
LMO2170 genes encode putative FabKs. None of these genes are
neighbored by another fatty acid metabolism gene. These bioin-
formatics predictions were validated experimentally because S.
aureus and Bacillus subtilis encode FabK homologues that do not
possess enoyl-acyl carrier protein reductase function (16).
Whether these genes can function as enoyl-acyl carrier protein
reductases was tested by assessing if the expression of these genes,
using a constitutive promoter on a multicopy plasmid, comple-
mented the growth of the temperature-sensitive E. coli strain
JP1111 [fabI(Ts)] (35). LmFabl (LMO0970) and LmFabK1
(LMOO0814) complemented the growth of JP1111 at the nonper-
missive temperature, while LmFabL (LMO1688) weakly comple-
mented growth at the nonpermissive temperature (Fig. 2A and B).
LmFabK2 (LMO2170) expression did not restore the growth of
the temperature-sensitive strain. The expression of the four pre-
dicted L. monocytogenes enoyl-acyl carrier protein reductases in
the JP1111 cells was verified to ensure that the inability to com-
plement was due to the lack of enoyl-acyl carrier protein reductase
activity rather than lack of protein expression. All four proteins
were expressed in JP1111 cells (Fig. 2C), showing that that LmFabl
and LmFabK1 were the two most active enoyl-acyl carrier protein
reductases encoded by L. monocytogenes genes.

Validation of AFN-1252. AFN-1252 is a potent and selective
inhibitor of Fabl that has no known off-target effects (20, 24, 36,
37). AFN-1252 inhibits the growth of bacteria with a single essen-
tial Fabl, including intracellular pathogens (18, 20, 24, 38), but is
ineffective against bacterial genes encoding the other enoyl-acyl
carrier protein reductase isoforms (39). These data, coupled with
the observation that S. aureus accD mutants are refractory to AFN-
1252 (14), show there is little or no off-target toxicity of this drug.
Therefore, AFN-1252 was used as a tool to determine the contri-
bution of LmFabl versus LmFabK1 to fatty acid synthesis and
growth of L. monocytogenes. AFN-1252 was tested against E. coli
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FIG 2 L. monocytogenes encodes two functional enoyl-acyl carrier protein
reductase isoforms. (A) Growth of the temperature-sensitive E. coli strain
JP1111 [fabI(Ts)] transformed with the empty plasmid (Control) or plasmids
expressing either S. aureus Fabl (SaFabl), predicted L. monocytogenes FabK1
(LmFabK1; LMOO0814), predicted L. monocytogenes Fabl (LmFabl; LMO0970),
predicted L. monocytogenes FabL (LmFabL; LMO1688), or predicted L. mono-
cytogenes FabK2 (LmFabK2; LMO2170) under the permissive growth condi-
tion (30°C). (B) Growth of the same strains at the nonpermissive temperature
(42°C). (C) The expression of the predicted L. monocytogenes enoyl-acyl car-
rier protein reductases in JP1111 was verified via Western blot analysis. JP1111
cells expressing the enoyl-acyl carrier protein reductases were grown at 30°C to
an Ag, of 1. The cells were lysed, and the supernatant was separated from the
cell debris. Western blot analysis against the supernatant fraction using an
antihistidine tag was performed to ensure that the predicted enoyl-acyl carrier
protein reductase was expressed. All four predicted enoyl-acyl carrier protein
reductases (LmFabK1, 32.4 kDa; LmFabl, 28.3 kDa; LmFabL, 27.2 kDa;
LmFabK2, 32.5 kDa; each with 2.1 kDa added from the N-terminal histidine
tag from pPJ131 plasmid) were expressed in JP1111. Data shown as a repre-
sentative blot are from 2 biological replicates. (D) MIC of AFN-1252 against
the E. coli strain ANS1 (At0lC) expressing empty plasmid (control), S. aureus
Fabl (SaFabl), L. monocytogenes FabK (LmFabK1; LMOO0814), L. monocyto-
genes Fabl (LmFabl; LMO0970), and L. monocytogenes FabL (LmFabL;
LMO1688).

strain ANS1 (AtolC), expressing LmFabl, LmFabK1, or LmFabL.
Strain ANSI1, harboring the empty plasmid (control), had an
AFN-1252 MIC of 0.039 pM, whereas the MIC in the strain ex-
pressing S. aureus Fabl (SaFabl) increased by 8-fold to 0.313 uM
(Fig. 2D). Strain ANSI, expressing LmFabl, had an AFN-1252
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FIG 3 AFN-1252 causes on-target, partial inhibition of phospholipid synthesis of L. monocytogenes. (A) The effect of increasing concentrations of AFN-1252 on
the growth of L. monocytogenes in tryptic soy broth medium. AFN-1252 was added to cells at the time indicated by the arrow. The growth curve shown is
representative of duplicate biological replicates. (B) The effect of AFN-1252 on the major biosynthetic pathways was measured by treating growing L. monocy-
togenes cells with 50 uM AFN-1252 and comparing them to untreated cells. Metabolic labeling with ['*CJacetate was used for lipid biosynthesis, an *H-labeled
L-amino acid mixture was used to measure protein biosynthesis, [*H]thymidine incorporation measured DNA biosynthesis, and [*H]uracil measured stable
RNA biosynthesis, as described in Materials and Methods. Data shown are averages with standard deviations from two biological replicates. Lipid biosynthesis was the
only pathway inhibited by AFN-1252. Significance was determined using Student’s t test. ***, P < 0.001. (C) AFN-1252 inhibition of ['*CJacetate incorporation into the
phospholipids of L. monocytogenes in tryptic soy broth medium. The fractional [“C]acetate incorporation was compared to that of the no-inhibitor control. Data shown
are averages with standard deviations from two biological replicates. The data were fit to an IC,, equation with partial inhibition. The ICs, is the concentration of
AFN-1252 needed to inhibit 50% of the sensitive fatty acid synthesis activity. V, ;, is the fraction of residual fatty acid synthesis activity that could not be inhibited by
AFN-1252. (D) The effect of branched-chain fatty acid (Brc; 100 uM anteiso-15:0 and 100 wM anteiso-17:0) and straight-chain fatty acid (Str; 100 uM D4-16:0 and 100

M 18:1) supplementation on AFN-1252 inhibition of L. monocytogenes growth in tryptic soy broth medium.

MIC 0f 0.156 wM, which was a 4-fold increase compared to that of
the control. This result showed that LmFabl, like SaFabl, was
completely inhibited by AFN-1252. In contrast, strain ANS1 ex-
pressing the LmFabK1 gene was unaffected by AFN-1252 up to
50 wM, demonstrating that this FabK was able to fully support
growth and was resistant to AFN-1252, as expected. The cells
expressing LmFabL grew poorly in the presence of greater than
0.039 WM AFN-1252, showing that while resistant to AFN-1252,
LmFabL was not sufficient to support a normal rate of E. coli
growth. Therefore, FabL cannot substitute for the enoyl-acyl car-
rier protein reductase of type II bacterial fatty acid synthesis.
Together, these experiments showed that the L. monocytogenes
genome encoded an LmFabl that was completely inhibited by
AFN-1252 as well as an LmFabK1 that was resistant to AFN-1252.

AFN-1252 inhibited L. monocytogenes growth and fatty
acid synthesis. The effect of increasing concentrations of AFN-
1252 on the growth rate of L. monocytogenes in planktonic cul-
ture was measured to determine the contribution of LmFabl ver-
sus LmFabK1 to fatty acid synthesis and growth. AFN-1252 caused
the cessation of cell growth after 1 to 2 cellular doublings in bac-
terial genes encoding a single, essential FablI (24, 38). In contrast,
increasing concentrations of AFN-1252 slowed but did not stop
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the growth of L. monocytogenes (Fig. 3A). Pathway labeling exper-
iments showed that AFN-1252 selectively inhibited lipid synthe-
sis, with minimal perturbation to protein, DNA, and RNA synthe-
sis (Fig. 3B). Therefore, the reduction of growth rate by AFN-1252
was attributed to on-target inhibition of LmFabl and fatty acid
synthesis.

The incorporation of ['*CJacetate into the phospholipid frac-
tion at increasing concentrations of AFN-1252 was measured to
determine the fraction of fatty acid synthesis that was inhibited by
AFN-1252. Increasing concentrations of AFN-1252 caused a
dose-dependent inhibition of ['*Clacetate incorporation, but
there was a residual 20% ['*CJacetate incorporation that could
not be eliminated by AFN-1252 (Fig. 3C). This result showed that
in the absence of LmFabl, LinFabK1 was only able to support 20%
of the normal fatty acid synthesis rate during planktonic growth.
Together, these experiments point to LmFabl as the enoyl-acyl
carrier protein reductase dedicated to type II bacterial fatty acid
synthesis, but the LmFabK1 was expressed and active in L. mono-
cytogenes.

Exogenous fatty acid metabolism in L. monocytogenes. L.
monocytogenes is predicted to encode a fatty kinase system as in S.
aureus for the incorporation of exogenous fatty acids (Fig. 1) (13,
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14). In this system, exogenous fatty acids are phosphorylated by
FakA/FakB to make acyl-phosphates (12), which can then enter
phospholipid synthesis (10). The acyl-phosphate can be used by
the glycerol-3-phosphate acyltransferase (PIsY) to make lysophos-
phatidic acid. The acyl-phosphate can also be converted into acyl-
ACP by PIsX. The resulting acyl-ACP can undergo additional
elongation cycles or be used by the 1-acyl-sn-glycerol-3-phos-
phate acyltransferase PIsC to make phosphatidic acid, the com-
mon precursor to phospholipid synthesis in bacteria. Genes
encoding alternative pathways of exogenous fatty acid incorpora-
tion, such as acyl-ACP or acyl-CoA synthetase, were not found in
the L. monocytogenes genome. B-Oxidation genes for breaking
down fatty acids also were not found in the L. monocytogenes ge-
nome, so the only known fate of exogenous fatty acids is incorpo-
ration into the phospholipids.

Untreated and AFN-1252-treated L. monocytogenes organisms
were supplemented with two combinations of fatty acids to deter-
mine if exogenous fatty acids bypassed the effect of AFN-1252
inhibition. The straight-chain combination contained 100 uM
D4-16:0 and 100 wM 18:1, which corresponded to two abundant
fatty acid species found in mammalian serum and cellular phos-
pholipids. This combination of fatty acids allowed the determina-
tion of whether host fatty acids can bypass Fabl inhibition in L.
monocytogenes. The deuterium-labeled D4-16:0 fatty acids have a
greater mass than L. monocytogenes-synthesized 16:0 fatty acid, so
the uptake of D4-16:0 can be monitored using mass spectrometry.
The 18:1 fatty acid can be monitored without isotopic labeling
because L. monocytogenes cannot synthesize unsaturated fatty ac-
ids (3, 5, 8, 40), so all of the incorporated 18:1 must be exogenous
in origin. The branched-chain combination contained 100 pM
anteiso-15:0 and 100 wM anteiso-17:0. Branched-chain fatty acids
are not found in mammalian hosts but are the normal acyl chains
found in L. monocytogenes phospholipids. L. monocytogenes re-
quires branched-chain fatty acids for optimum growth (5). The
branched-chain combination was intended to test if the fatty acids
found in L. monocytogenes phospholipids can overcome Fabl in-
hibition. Neither fatty acid combination altered the growth rate of
untreated L. monocytogenes (Fig. 3D). Both fatty acid combina-
tions increased the growth rate of AFN-1252-treated L. monocyto-
genes but did not restore wild-type growth rates. These data sug-
gested that the reduction in growth rate by AFN-1252 could be
partially overcome if L. monocytogenes was able to access host fatty
acids.

The acyl chain composition of L. monocytogenes phospholipids
was determined to verify that the exogenous fatty acids affected
growth through incorporation into L. monocytogenes phospholip-
ids. Molecular species analysis was performed on the phosphati-
dylglycerol (PG) of L. monocytogenes. Only the straight-chain
combination was analyzed, because the anteiso-17:0 and anteiso-
15:0 supplementation produced the exact same molecular species
normally found in L. monocytogenes. The PG major molecular
species in untreated L. monocytogenes consisted of 17:0/15:0 with
smaller amounts of 15:0/15:0 and 16:0/15:0 (Fig. 4A). Only small
amounts of exogenous fatty acids were incorporated into the
phospholipids of untreated L. monocytogenes, illustrating the in-
efficient uptake of fatty acids by L. monocytogenes (Fig. 4B). Both
the D4-16:0 and 18:1 species were paired with the endogenously
synthesized anteiso-15:0 to give D4-16:0/15:0 and 18:1/15:0 PG
molecular species. These mass spectra showed that L. monocyto-
genes genes encoded the ability to incorporate exogenous fatty
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acids, but this pathway made a minor contribution to phospho-
lipid synthesis when type II bacterial fatty acid synthesis was ac-
tive. The acyl chain composition of AFN-1252-treated L. monocy-
togenes was similar to that of untreated L. monocytogenes, with a
low-abundance, new molecular species of 16:0/16:1 appearing
(Fig. 4C). The 16:1 fatty acid was a component of the complex
medium used in these experiments, because the L. monocytogenes
genome does not encode the ability to synthesize unsaturated fatty
acids (3, 5, 8, 40). The D4-16:0/15:0 and 18:1/15:0 combinations
became major molecular species in fatty acid-supplemented,
AFN-1252-treated L. monocytogenes, while the 17:0/15:0, 15:0/
15:0, and 16:0/15:0 combinations from endogenous synthesis
were reduced (Fig. 4D). Bacteria synthesizing branched-chain
fatty acids have been characterized as having high selectivity for
anteiso-15:0 fatty acids in the 2-position of their phospholipids
and low acyl chain selectivity for the 1-position (38, 41, 42). The
mass spectra showed that serum fatty acid species replaced the
fatty acids at the 1-position of L. monocytogenes phospholipids,
but the 2-position has retained high selectivity for endogenously
synthesized anteiso-15:0. Together, these experiments showed
that L. monocytogenes did not incorporate significant amounts of
exogenous fatty acids when type II bacterial fatty acid synthesis
was operational. Exogenous fatty acid incorporation was more
pronounced when endogenous fatty acid synthesis was inhibited.

The ability to use exogenous fatty acids to replace endoge-
nously synthesized fatty acids varies by bacterial species (12).
Streptococcus and Neisseria both use straight-chain and unsatu-
rated fatty acids, which are abundant in mammalian hosts, to
make their phospholipids. Genes of both species also encode the
ability to incorporate exogenous fatty acids. Streptococcus shuts
down endogenous fatty acid synthesis in the presence of exoge-
nous fatty acids and therefore can overcome type II bacterial fatty
acid synthesis inhibition (38, 43). In contrast, Neisseria cannot
overcome type II bacterial fatty acid synthesis inhibition despite
its genes encoding the ability to incorporate exogenous fatty acids
(24). The low levels of exogenous fatty acid incorporation when
type II bacterial fatty acid synthesis was active, coupled with the
inability of exogenous fatty acids to fully restore the growth rate of
L. monocytogenes when Fabl is inhibited, suggests that L. monocy-
togenes cannot efficiently use exogenous fatty acids to support
growth. These results raised the question of whether the fatty acids
found in the host cell cytosol are able to relieve Fabl inhibition for
intracellular L. monocytogenes growth.

AFN-1252 inhibited the intracellular growth of L. monocyto-
genes. The effect of AFN-1252 on the intracellular growth of L.
monocytogenes was determined in a HeLa cell infection model (44,
45). AFN-1252 has been used previously in the intracellular infec-
tion model of Chlamydia trachomatis and showed no toxic effects
against HeLa cells (18). The total number of intracellular L. mono-
cytogenes organisms in HeLa cells was determined by lysing the
infected HeLa cells and plating the lysate in serial dilutions. The
number of L. monocytogenes CFU increased exponentially in un-
treated HeLa cells, with 1,300 times the initial number of CFU at
44 h (Fig. 5A). In contrast, the number of L. monocytogenes CFU
increased initially for 2 to 3 doublings in AFN-1252-treated HeLa
cells before decreasing over time (Fig. 5A). The reduction in L.
monocytogenes titer under AFN-1252 treatment was corroborated
using immunofluorescence microscopy (Fig. 5B to D) and lipid
mass spectrometry (Fig. 5E and F). Untreated and AFN-1252-
treated samples at 20 h after infection were stained with anti-L.
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FIG 4 Exogenous fatty acid metabolism in L. monocytogenes. Growing cultures of untreated or AFN-1252 (50 wM)-treated L. monocytogenes in tryptic soy broth
medium were not supplemented with exogenous fatty acids or were supplemented with straight-chain fatty acid (100 wM D4-16:0 and 100 M 18:1) and grown to an
Agoo of =1.5. The lipids were harvested from the cells and the PG molecular species were determined. The identities of the major molecular species are annotated in the
figure, and the new molecular species arising from the incorporation of the fatty acid supplements are highlighted in red. New molecular species (16:0/16:1) arising from
incorporation of fatty acids present in tryptic soy broth are highlighted in blue. Spectra shown are representative examples from two biological replicates. (A) PG
molecular species profile of L. monocytogenes with no drug treatment and no fatty acid supplementation. (B) PG molecular species profile of L. monocytogenes with no
drug treatment and straight-chain fatty acid supplementation. (C) PG molecular species profile of L. monocytogenes with AFN-1252 treatment and no fatty acid
supplementation. (D) PG molecular species profile of L. monocytogenes with AFN-1252 treatment and straight-chain fatty acid supplementation.

monocytogenes antibody and DAPI for the host cell nuclei. AFN-
1252 treatment caused a 26-fold reduction in the number of L.
monocytogenes cells (green) observed per HeLa cell (DAPI stain-
ing, blue) (Fig. 5B to D). The decrease in L. monocytogenes cells
caused by AFN-1252 inhibition observed via microscopy corrob-
orated the decrease observed through plating the infected HeLa
cell lysate, demonstrating that AFN-1252 inhibited the intracellu-
lar replication of L. monocytogenes.

Molecular species analysis of the PG was also performed on
untreated and AFN-1252-treated samples at 20 h after infection. A
loss scan of 241 molecular weight was conducted to identify phos-
pholipid species containing 15:0 fatty acids or inositol head
groups. This method allowed the detection of only the L. monocy-
togenes-synthesized phospholipids, along with host cell phospha-
tidylinositol for comparison, and ignored the most abundant host
phospholipid species present in the sample. The 17:0/15:0, 15:0/
15:0, and 16:0/15:0 combinations were the major PG species in L.
monocytogenes-infected HeLa cells (Fig. 5E), showing that the acyl
chain composition of L. monocytogenes remained the same in in-
tracellular and planktonic growth, and that intracellular L. mono-
cytogenes did not incorporate significant amounts of exogenous
fatty acids like in normal planktonic growth. These molecular spe-
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cies peaks were significantly reduced relative to those of the host
phosphatidylinositol species in the AFN-1252-treated infected
HeLa cells (Fig. 5F), demonstrating that AFN-1252 inhibited in-
tracellular L. monocytogenes fatty acid and phospholipid synthesis.

The effect of AFN-1252 on the L. monocytogenes invasion cycle
was characterized by immunofluorescence microscopy through
staining for both L. monocytogenes (green) and cellular actin (red).
In a normal invasion cycle, extracellular L. monocytogenes is ini-
tially phagocytized into the lysosome (1). Listeriolysin O pro-
duced by L. monocytogenes dissolves the lysosome and allows
L. monocytogenes to enter the cytosol, where it recruits actin
and replicates (46). Intracellular L. monocytogenes can use the
polymerization of host actin to move intracellularly or spread
extracellularly. L. monocytogenes cells colocalized with actin rep-
resent cytosolic bacteria, while L. monocytogenes cells not colocal-
ized with actin represent extracellular or lysosomal L. monocyto-
genes. L. monocytogenes organisms appeared as short green rods in
untreated L. monocytogenes-infected HeLa cells at 20 h postinfec-
tion (Fig. 6A). Some of the rods colocalized with actin (red stain),
consistent with these bacteria residing in the cytosol. Many of the
cytosolic L. monocytogenes cells appeared as longer, diploid-like
rods, consistent with these bacteria undergoing cell division in the
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FIG 5 AFN-1252 inhibits the intracellular growth of L. monocytogenes. (A) Growth curve of untreated or AFN-1252 (50 uM)-treated intracellular L. monocy-
togenes in HeLa cells. (B) L. monocytogenes-infected HeLa cells were stained with DAPI and anti-Listeria antibody. Shown are the average numbers of
L. monocytogenes organisms per HeLa cell counted from three sets of representative fields containing at least 100 HeLa cells of untreated and AFN-1252-treated
L. monocytogenes. Significance was determined using Student’s ¢ test. ***, P < 0.001. (C) Immunofluorescence image of untreated HeLa cells infected with L.
monocytogenes at 20 h postinfection. DAPI (blue) stain was used for the HeLa cell nucleus. Anti-Listeria antibody (green) stains for L. monocytogenes. (D)
Immunofluorescence image of AFN-1252-treated HeLa cells infected with L. monocytogenes at 20 h postinfection. (E) Molecular species profile of lipids
containing a 15:0 fatty acid or the inositol head group (loss of 241) for the untreated L. monocytogenes-infected HeLa cells. (F) Molecular species profile of lipids

containing a 15:0 fatty acid or the inositol head group (loss of 241) for the AFN-1252-treated L. monocytogenes-infected HeLa cells.

cytosol. Abnormally long rods colocalizing with actin were ob-
served in AFN-1252-treated, L. monocytogenes-infected HeLa cells
at 20 h postinfection (Fig. 6B). The lengths of the bacteria under
both conditions were quantified using Image]J software (Fig. 7).
Listeria cells under normal intracellular growth conditions were
3.1 = 1.3 pm long, and in the presence of AFN-1252 they were
4.6 *= 3.4 pwm. The large standard error was due to the bimodal
distribution of cell lengths in the AFN-1252-treated cells, with
many cells being considerably longer and shorter than normal.
This phenotype suggested that these bacteria were unable to prop-
erly divide due to the on-target inhibition of fatty acid synthesis.

AFN-1252 caused the cessation of cellular growth after 1 to 2 cel-
lular doublings in bacterial genomes encoding a single, essential Fabl,
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such as those of Neisseria and Staphylococcus (24, 38). A similar
phenotype was observed in intracellular L. monocytogenes, where L.
monocytogenes is able to grow for 2 to 3 doublings before cell growth
stopped and the number of CFU slowly decreased over time (Fig. 5A).
This result showed that LmFabl was essential for the proper intra-
cellular replication and division of L. monocytogenes, and that
LmFabK1 and exogenous fatty acid incorporation were unable to
support intracellular growth. The slow decrease of L. monocytogenes
titer from 20 h to 44 h in AFN-1252-treated cells suggested that ar-
rested cells eventually became nonviable. Whether this is through the
direct effect of the inhibitor on the viability of the bacteria or the
clearing of the improperly dividing bacteria with lipid-deficient
membrane by the host cell remains to be determined.
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FIG 6 AFN-1252 arrested the division of intracellular L. monocytogenes. L.
monocytogenes-infected HeLa cells were labeled with anti- Listeria-specific rab-
bit IgG antibodies, Alexa Fluor 488 (green)-conjugated goat anti-rabbit IgG,
and Alexa Fluor 594 (red)-conjugated phalloidin. (Top) L. monocytogenes
staining (green). (Middle) Cellular actin staining (red). (Bottom) Merges of
the two images from the top and middle. (A) Untreated HeLa cells infected
with L. monocytogenes for 20 h. (B) AFN-1252 (50 wM)-treated HeLa cells
infected with L. monocytogenes for 20 h.

DISCUSSION

This study shows that Fabl is the principal enoyl-ACP reductase of
L. monocytogenes FASII and is required for the intracellular
growth of this facultative intracellular pathogen. Inactivation of
LmFabl caused an 80% decrease in fatty acid synthesis. Although
LmFabK1 is capable of complementing FASII when expressed in
the heterologous E. coli system, the physiological level of Lm-
FabK1 expression in L. monocytogenes can only support 20% of
FASII activity in the absence of Fabl. This leads to a reduced
growth rate of planktonic cultures treated with AFN-1252 to in-
activate Fabl. Exogenous fatty acids can partially offset the
growth-inhibitory effects of AFN-1252 in planktonic culture and
are incorporated into membrane phospholipids, showing that the
growth defect is due to reduced FASII activity. However, Fabl
inactivation with AFN-1252 had a more drastic effect on the in-
tracellular growth of L. monocytogenes. The bacterial cells became
unusually elongated, failed to divide, and eventually were cleared
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FIG 7 Length distribution of untreated and AFN-1252-treated L. monocyto-
genes in the intracellular infection model. The lengths of the intracellular L.
monocytogenes cells were determined using the analyze/measure function in
Image] software.

from the cells. In this physiological context, neither LmFabK1
expression nor the acquisition of host cell fatty acids could sup-
port L. monocytogenes proliferation when LmFabl is inactivated.
These results show that inhibitors of Fabl, or any other enzyme in
FASII (Fig. 1), would be effective in preventing intracellular L.
monocytogenes replication.

L. monocytogenes does not actively incorporate exogenous fatty
acids into its membrane phospholipids. The L. monocytogenes ge-
nome encodes the fatty acid kinase system, which is the first step in
exogenous fatty acid incorporation (Fig. 1). However, the primary
purpose of this system does not appear to be the incorporation of
exogenous fatty acids. Exogenous fatty acids incorporated via the
fatty acid kinase system constitute half the total membrane phos-
pholipid fatty acids in S. aureus (14), but exogenous fatty acids
only contribute a few percent to the membrane of L. monocyto-
genes during planktonic growth. Incorporation of exogenous fatty
acids became significant only when fatty acid synthesis is blocked
by AFN-1252. However, this enhanced exogenous fatty acid in-
corporation did not completely rescue the growth defect caused
by Fabl inhibition during planktonic growth. Incorporation of the
host cell fatty acids was not able to overcome FASII inhibition in
the context of intracellular growth, demonstrating that the L.
monocytogenes fatty acid kinase system is not able to use host fatty
acids to support growth. The correct acyl chain composition has
been clearly demonstrated to play a key role in the environmental
and intracellular survival of L. monocytogenes, and increasing the
straight-chain composition reduces the fitness of the organism
(2-6). Furthermore, fatty acids, particularly branched chains, are
inhibitors of L. monocytogenes growth (22). In S. aureus, the fatty
acid kinase system is used to sense the environment and acts as the
master regulator of virulence, in addition to its role in the incor-
poration of exogenous fatty acids (14). Further work is needed to
determine if the fatty acid kinase system functions in virulence
signaling in L. monocytogenes.
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